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ABSTRACT 

Tanguay,  Marc  Gilles,  Ph.D.,  Purdue  University,  June  1969-  Aerial 
Photography  and  Multispectral  Remote  Sensing  for  Engineering  Soils 
Mapping.  Major  Professor:   Robert  D.  Miles. 

This  research  investigated  color  aerial  photography  and  other  remote 
sensing  techniques  including  multispectral  imagery  and  their  application 
to  engineering  soil  mapping.   The  principal  objectives  were  to  study  the 
incremental  gain  in  information  through  the  use  of  these  techniques  and 
to  determine  the  cost  savings  if  any. 

Other  objectives  included  (l)  the  investigation  of  some  of  the 
variables  influencing  the  reflectance  of  materials  and  their  diurnal 
thermal  behavior,  as  it  affects  thermal  imagery;  and  (2)  the  generation 
of  engineering  soils  maps  by  computer  analysis  of  digitized  multispectral 
data. 

A  test  corridor  was  selected  from  Indianapolis  southwest  to  Bedford. 
Coverage  of  this  70-mile  long  section  was  obtained  with  various  types  of 
aerial  films  at  a  1:U,800  scale  ratio  (black  and  white,  black  and  white 
infrared,  color  and  color  infrared)  and  with  multispectral  imagery.  The 
multispectral  data  was  obtained  in  15-wavelength  bands  ranging  from 
ultraviolet  to  thermal  infrared  in  the  form  of  film  strips  and  correspon- 
ding analog  tapes.  These  tapes  were  converted  to  digital  data  for  com- 
puter analysis. 

Laboratory  investigations  included  spectral  reflectance  of  charac- 
teristic soil  and  rock  samples.   Field  investigations  included  infrared 


radiometer  readings,  temperature  and  moisture  measurements  at  different 
test  sites,  and  diurnal  apparent  temperature  measurements  obtained  for 
periods  of  2k   and  h8   hours  for  characteristic  materials. 
Major  conclusions  reached  by  this  research  are: 

(1)  Color  photography  was  found  to  be  the  best  and  most 
reliable  source  of  information  for  developing  detailed  engineering 
soils  maps  using  annotated  aerial  photographs. 

(2)  The  multi spectral  imagery  is  a  source  of  information  on 
soil  conditions  to  supplement  color  aerial  photography.   Four  to 
six  judiciously  selected  wavelength  bands  seems  an  adequate  maximum 
number  of  bands  for  visual  interpretation  because  of  human  limita- 
tion at  studying  great  numbers  of  grey  toned  areas. 

(3)  The  maximum  information  from  the  multi spectral  imagery 
was  obtained  by  computer  classification  which  permitted  (a)  classi- 
fication of  terrain  into  general  classes  of  soils,  vegetation, 
forests,  water,  roads;  (b)  preparation  of  computer  maps  of  up  to 
seven  soils  based  on  the  spectral  response,  with  unique  soils  sin- 
gled out  to  emphasize  distribution  of  adverse  soil  conditions, 

(c)  and  maps  that  show  spectral  relationship  between  soil  and  its 
land  form  and  between  soil  and  its  source. 

(k)     Based  on  field  measurements  of  thermal  infrared  radiation, 
color,  moisture,  cloud  cover  and  wind  controlled  materials  surface 
diurnal  temperature  variations.  Moisture  was  the  most  important 
factor.  Peak  temperatures  showed  some  differences  among  the  inves- 
tigated materials.   However  certain  of  these  materials  could  not  be 
separated  on  the  basis  of  peak  temperatures  alone,  although  they 


were  quite  different  in  nature.  Color  proved  to  be  more  important 
than  texture  in  the  overall  thermal  behavior.  The  8-11*  micron 
region  appears  useful  in  separating  soils  relative  moisture  content 
but  inadequate  in  determining  other  characteristics. 

(5)  Detailed  engineering  soils  plans  and  profiles  prepared  by- 
interpretation  of  color  aerial  photographs  can  be  successfully  in- 
corporated into  highway  soil  surveys.  They  can  be  used  to  plan 
better  soils  investigations  and  to  select  boring  locations  so  as  to 
obtain  more  representative  samples.  The  additional  expense  for 
color  photographs  is  offset  by  the  economies  resulting  from  their 
use  during  the  preparation  of  detailed  maps  for  highway  soil  surveys. 


CHAPTER  1 
INTRODUCTION 

It  is  appropriate  to  reconsider  engineering  soil  mapping  methods  so 
as  to  incorporate  recent  developments  in  aerial  color  film  technology  and 
remote  sensing  techniques  by  means  of  multispectral  aerial  scanners. 
This  thesis  describes  an  investigation  on  the  use  of  several  types  of 
aerial  photography  supplemented  with  multispectral  remote  sensor  imagery. 

This  research  is  a  part  of  project  (C-'6-i2U),  called  "Annotated 
Aerial  Photographs  as  Master  Soils  Plans  for  Proposed  Highways",  and  is 
a  cooperative  research  effort  conducted  by  the  Airphoto  Interpretation 
and  Photogrammetry  Laboratory,  Joint  Highway  Research  Project,  School  of 
Civil  Engineering,  Purdue  University.   Jointly  financed  by  the  Bureau  of 
Public  Roads  and  the  Indiana  State  Highway  Commission,  the  project  was 
initiated  on  April  20,  1965  and  will  terminate  on  June  30th,  1969- 

The  project  has  a  two- fold  purpose,  and  accordingly  was  divided  into 
two  phases.   The  first  phase  (Phase  A)  evaluated  multispectral  photog- 
raphy and  imagery  to  determine  the  best  system  or  combination  of  sensors 
to  be  used  for  the  development  of  soil  plans  in  highway  engineering. 
Phase  A  was  completed  during  the  period  April  19^5  to  January  1967-   The 
final  report  for  Phase  A  was  prepared  by  Rib  and  distributed  in  I967 

r      1  * 

[211]. 


Numbers  in  brackets  refer  to  items  in  Bibliography. 


1.1  Purpose  of  Study 

Thin  report  describes  the  work  undertaken  in  the  second  phase 
(Phase  B)  of  this  project.  Phase  B  was  planned  to  further  test  and  more 
extensively  evaluate  the  system  of  sensors  recommended  in  Phase  A  by  pre- 
paring engineering  soils  strip-maps  of  a  selected  highway  project. 

The  purpose  of  this  research  is  the  preparation  of  more  economic 
and  more  reliable  plans  and  profiles  of  the  layered  soil  system  at  or 
near  the  surface  of  the  ground.   Such  detailed  engineering  soil  plans 
and  profiles  aid  the  highway  engineer  to  design  a  more  efficient  and  rep- 
resentative sampling  program  so  as  to  determine  more  accurately  the  field 
conditions  and  thus  to  produce  a  better  design  and  to  more  reliably  and 
more  consistently  anticipate  problems  affecting  construction,  perform- 
ance and  economy.   The  plans  prepared  by  aerial  reconnaissance  are  not 
intended  to  replace  the  conventional  ways  of  sampling  and  classifying 
earth  materials  but  simply  to  improve  the  method  and  hopefully  to  reduce 
costs  by  making  the  selection  of  boring  locations  a  more  discriminative 
process. 

1.2  Scope  of  Study 

In  phase  A  of  this  project,  Rib  studied  several  combinations  of 
different  types  of  aerial  photographs  and  multi spectril,  infrared  and 
radar  imagery  in  order  to  select  a  combination  that  would  best  permit  an 
analysis  of  soil  conditions. 

He  concluded  that  the  system  yielding  a  maximum  of  information  and 
involving  a  minimum  of  field  checking  is  one  which  simultaneously  obtains 
multichannel  imagery  and  natural  color  aerial  photography.  The  multi- 
channel system  should  provide  spectral  information  in  a  minimum  of  seven 


bands  of  the  electro-magnetic  spectrum:  ultraviolet,  violet-blue,  green, 
yellow-orange,  photographic  infrared,  middle  infrared  (3.0-1+.0  microns) 
and  far  infrared  (8.-14.  microns). 

For  the  case  where  a  multichannel  system  is  not  available,  Rib  con- 
cluded that  the  maximum  of  information  would  then  be  obtained  by  a  com- 
bined system  taking  simultaneously  natural  color  photography  and  color 
infrared  photography  with  adequate  filters  for  enhancement  of  the  soils. 
In  the  case  where  only  one  film  can  be  used,  he  recommended  natural 
color  as  the  best  film  for  mapping  soils. 

The  scope  of  Phase  B  is  as  follows:-  l)  to  prepare  by  remote  sensor 
systems  a  detailed  master  soil  plan  for  a  highway  project,  2)  to  apply, 
re-evaluate,  and  possibly  improve  the  mapping  procedure  proposed  in 
Phase  A  and  3)  to  investigate  the  cost  of  such  an  approach. 

1.3  General  Procedure 

The  area  under  study  is  a  70-mile  stretch  of  State  Route  37  from 
Indianapolis  to  Bedford,  Indiana.  Figure  1  shows  the  route  selected. 
It  was  selected  on  the  basis  of  greater  variability  of  earth  materials 
and  land  forms.  The  principal  physiographic  units  encountered  and  the 
general  geology  are  illustrated  on  Figure  2. 

Intermediate  scale  aerial  coverage  with  black  and  white  Kodak  Plus-X 
panchromatic  film  was  obtained  April  11,  1967  by  the  Indiana  State 
Highway  Commission  (ISHC)  plane.  This  produced  a  basic  set  of  1:12,000 
scale  photography  of  the  entire  route  for  planning  the  field  data  collec- 
tion procedures  and  the  future  multichannel  flights. 

In  order  to  obtain  remote  multispectral  imagery,  authorities  of  the 
U.S.  Department  of  the  Navy  Office  of  Naval  Research  and  the  U.S.  Army 


FIGURE     I.      FLIGHT  LINE  a  AREA  OF  STUDY   ALONG 
PRESENT  AND  PROJECTED  HIGHWAY    37,  INDIANA 
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Electronics  Command  were  contacted  to  use  the  Project  Michigan  M-5 
scanner.  With  the  assistance  of  the  Bureau  of  Public  Roads  as  the 
designated  user,  permission  was  granted  to  use  this  classified  equipment. 
The  multichannel  data  collection  flight  took  place  on  April  28,  1967. 
The  Project  Michigan  aircraft  operated  by  personnel  of  the  Willow  Run 
Laboratories,  the  University  of  Michigan,  flew  over  the  designated  area 
collecting  information  in  fifteen  different  narrow  bands  of  the  electro- 
magnetic spectrum. 

0.32  -  O.38  micron  O.58  -  0.62  micron 

0A0  -  O.kk  0.62  -  0.66 

O.kk  -   0.1+6  0.66  -  0.72 

0A6  -  0.1+8  0.72  -  0.80 

0.1+8  -  0.50  0.80  -  1.0 

0.50-0.52  k. 5     -  5.5  microns 

0.52  -  0.55  8.0  -13.5  microns 
0.55  -  0.58 

Personnel  of  the  Indiana  State  Highway  Commission  (ISHC)  took  all 
the  aerial  photography  for  this  project.  They  used  a  6"  focal  length 
Wild  RC-8  aerial  camera  mounted  in  a  single  engine  aircraft.  Table  1 
summarizes  the  series  of  flights,  films  and  filters  and  other  conditions 
pertinent  to  the  photography  and  imagery  collection. 

Prior  to  the  multichannel  flights,  several  days  were  spent  in  the 
field  collecting  data  concerning  (a)  the  moisture  conditions  of  soils, 
(b)  direct  temperature  readings  on  soils,  and  (c)  the  apparent  tempera- 
tures of  soils  and  rocks  by  means  of  a  Barnes  PRT-1+  infrared  radiometer. 

The  maximum  information  obtained  in  one  day  was  on  April  28,  1967, 
when  the  multispectral  scanner  collected  the  multispectral  imagery  in 


In  a  letter  dated  December  28,  I967,  issued  by  the  Security  Classifica- 
tion Management  Division,  Office  of  the  Assistant  Secretary  of  Defense, 
the  imagery  obtained  from  the  Project  Michigan  M-5  scanner  was  declass- 
ified. 
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fifteen  separate  bands  and  at  two  different  altitudes  and  when  the  ISHC 
personnel  took  three  rolls  of  Ektachrome  MS  Aerographic  film  (estar  base) 
type  SO-151.  This  film  is  now  replaced  by  the  film  type  2^8  and  will 
now  be  referred  to  as  such. 

After  receiving  the  prints,  films  and  imagery,  mosaics  were  assem- 
bled and  engineering  soil  maps  prepared.  At  first,  a  regional  engineer- 
ing soil  map  at  a  scale  ration  of  1:20,000  using  U.S.  Department  of  Agri- 
culture photographs  was  prepared  to  provide  an  understanding  of  the 
regional  distribution  of  land  forms  and  parent  materials  and  allowed  for 
a  more  accurate  interpretation  of  the  larger  scale  sample  sections.  In 
all,  nineteen  different  photo-maps  were  interpreted  either  from  black 
and  white,  color  or  color  infrared  films  and  prints. 

The  multichannel  imagery  was  investigated  in  three  different  ways:- 

1)  by  visual  means  aided  by  magnifying  tools, 

2)  by  densitometric  measurements  on  negatives,  and 

3)  by  computer  analysis  and  the  methods  developed 

at  the  Laboratory  for  Agricultural  Remote  Sensing 

(LARS)  at  Purdue  University. 
In  order  to  better  define  the  role  of  remote  sensing  methods  in 
engineering  soils  mapping,  the  following  sections  of  this  introductory 
chapter  are  concerned  with  the  development  of  engineering  soils  maps. 
Chapter  2  briefly  reviews  the  pertinent  literature  concerning  the  differ- 
ent methods  of  obtaining  information  on  soils  and  rocks  by  remote  sensors. 
Chapters  3  and  k   discuss  the  results  of  the  research  under  Phase  B  and 
describes  the  types  of  detailed  engineering  soils  maps  prepared. 
Chapter  5  is  a  cost  study  of  the  method  used  for  mapping  soils  as 


compared  to  conventional  means.  This  is  followed  by  the  conclusions  and 
recommendations . 

l.k     The  Development  of  Engineering  Soils  Maps 
Engineering  soils  maps  can  be  defined  as  an  expedient  for  the  pres- 
entation of  soil  information  in  terms  of  engineering  uses.  Jumikis  et  al. 
[117]  have  defined  these  maps  in  the  following  manner: 

"The  engineering  soils  maps  were  designed  with  the  needs 
of  the  civil  engineer  specifically  in  mind.  Containing  the 
most  recent  scientific  data  available  on  the  engineering 
materials  of  New  Jersey,  presented  in  standard  form,  using 
modern  techniques  of  investigations,  they  focus  in  one  place 
much  information  drawn  from  related  sciences  and  correlated 
from  an  engineering  point  of  view.'' 

Pedological  maps  are  useful  sources  of  soils  information  for  the 
engineers  [245].  Where  pedological  maps  are  not  available  or  where  no 
pedological  survey  has  been  conducted  because  of  non- agricultural  develop- 
ments, engineers  rely  on  some  other  source  of  soils  information  for  their 
planning.  Topographic  maps  and  geological  maps,  when  available,  certainly 
help  but  are  not  ideal. 

With  greater  availability  of  aerial  photography  and  by  use  of  the 
technique  of  airphoto  interpretation,  the  preparation  of  materials 
surveys  and  maps  for  each  engineering  project  became  possible. 

Engineering  soils  maps  can  be  prepared  in  various  ways.  The  three 
principal  approaches  are  (l)  to  use  pedological  maps  and  a  knowledge  of 
the  soil  series  classification,  or  (2)  to  use  aerial  photographs  and 
photointerpretation  techniques,  or  (3)  a  combination  of  both.  The  geo- 
logical maps  generally  are  not  used  as  a  sole  source  of  information,  but 
often  complete  the  information  from  the  other  sources. 
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The  steps  to  prepare  engineering  soils  maps  and  some  indication  as 
to  their  content  has  been  presented  by  Belcher  [19>  20,  21].  The  concept 
of  soil  pattern  was  also  discussed  and  the  engineering  significance  of 
soil  patterns  was  defined  [22,  2k,   25].  The  concept  of  land  form  and  its 
importance  for  the  inference  of  engineering  soils  characteristics  also 
was  pointed  out.  These  concepts,  partly  borrowed  from  Geomorphology , 
are  an  important  part  of  the  airphoto  interpretation  concepts. 

Illinois,  Michigan,  Kansas  and  Nebraska  have  used  pedological  maps 
to  correlate  with  engineering  characteristics  of  soils.  It  is  claimed 
that  the  end- result  is  obtained  much  faster,  in  a  more  reliable  manner 
smd  that  it  has  a  higher  engineering  significance. 

The  second  group  of  states,  where  airphotos  are  the  primary  sources 
of  information,  does  include:  Indiana,  New  Jersey,  New  Hampshire,  New 
York,  Rhode  Island,  Maine,  Ohio,  and  also  countries  like  Canada  and 
South  Africa. 

Frost  pointed  out  the  uses  of  airphotos  for  granular  materials 
surveys  [78].  He  described  the  role  of  photo- interpretation  in  the 
study  of  soils  [79]  and  the  factors  limiting  the  interpretation  [80]. 
In  19^3 »  Belcher,  Gregg  and  Woods  published  information  for  the  prepara- 
tion of  engineering  soil  maps.  Their  book  on,  "The  Formation,  Distri- 
bution and  Engineering  Characteristics  of  Soils"  was  meant  to  bridge  the 
gap  between  the  use  of  pedological  information,  land  form  patterns  and 
the  engineering  properties  of  the  most  common  soil  series  [27].  The 
technique  of  systematic  interpretation  of  aerial  photographs  was  used  in 
order  to  prepare  a  detailed  drainage  map  of  Indiana  and  also  to  produce 
engineering  soils  reports  and  maps  for  the  different  counties,  or  for 
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special  projects.  The  work  of  Parvis  [202,  203],  Miles  [16?,  l66,  167], 
Mollard  [180],  Montano  [183],  Frost  and  Woods  [83],  Frost  et  al  [82]  is 
acknowledged. 

In  other  states,  the  preparation  of  engineering  soils  reports  had 
progressed  too.  Moultrop  [187,  188]  made  major  contributions  in  this 
field,  for  the  State  of  Rhode  Island.  His  work  is  an  excellent  example 
of  typical  engineering  soils  mapping  and  the  mapping  technique  and  sym- 
bolism developed  are  among  the  most  useful. 

In  Main,  Stoeckeler  [231,  232]  has  contributed  in  using  more  of  the 
geological  information  available  for  this  state.  He  pointed  out  the 
importance  of  appropriate  scale  for  the  photos  and  for  the  maps. 

In  New  Jersey,  Lueder  [1U7],  Holman,  McCormack,  Minard  and  Jumikis 
[102,  103]  contributed  in  developing  a  new  symbols  system  for  coding  of 
the  engineering  soils  map.  This  system  is  based  on  assembling  letters 
and  numbers  into  a  composite  symbol  that  describes  the  land  form,  the 
texture  of  the  soil  and  indicates  some  other  engineering  property  like 
the  approximate  depth  to  the  water  table.  Lueder  [ll+T]  insisted  on  the 
importance  of  the  pedology  and  pedogenesis  of  the  soils,  as  the  evolution 
of  soil  profiles  is  controlled  by  factors  like  the  climate,  parent 
material,  time,  topographic  position  and  biologic  factors. 

In  Ohio,  Mintzer  and  Struble  made  comparative  studies,  with  cost 
analysis,  on  the  different  materials  survey  methods,  by  aerial  photo 
interpretation,  geophysical  methods  and  the  standard  investigation 
methods  of  bore  holes  and  test  pits,  and  combinations  of  these  methods 
[177,  178].  They  concluded  that  a  combined  technique,  using  airphoto 
interpretation,  some  geophysical  investigation  and  a  minor  amount  of 
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bore  holes  is  the  most  economical  approach  to  investigate  soils  for 
engineering  purposes.  The  combined  method  was  found  to  cost  one  third 
of  what  the  conventional  approach  would  cost. 

In  South  Africa,  Brink  and  Williams  [f>4,  35]  prepared  several 
engineering  soils  maps.   In  Canada,  Mollard  has  used  aerial  photographs 
in  the  production  of  earth  materials  reports  [180]  and  in  engineering 
geology  applications  [l8l,  182].   Other  persons  also  contributed  to  this 
field:   Seymour  [222],  Parkinson  [201]  and  most  particularly  Sen  Mathur 
and  Gartner  [221].  Their  Ontario  Department  of  Highways  publication 
contains  numerous  well  illustrated  cases  and  presents  a  series  of  useful 
tables  on  the  engineering  significance  of  materials  as  related  to  land 
forms . 

1.41  Methods  of  Preparation  of  Engineering  Soils  Maps 
The  procedures  and  methods  of  making  engineering  soils  maps  using 
5>edological  soil  surveys  information  and  aerial  photographic  interpreta- 
tion techniques  are  summarized  below. 

1.411  Pedological  Information  as  a  Source.  When  preparing  an 
engineering  soils  map  from  published  agricultural  soils  information  some 
assumptions  are  made:   (l)  the  scientist  or  engineer  involved  must  have 
a  working  knowledge  of  both  pedological  and  engineering  nomenclature  and 
(2)  the   premise  of  uniformism  has  to  be  accepted. 

A  minimum  of  field  correlation  is  required  to  determine  by  means  of 
bore  holes  (generally  hand  auger  borings  and  available  natural  or  man- 
made  cuts)  and  also  by  means  of  samples  collected  for  either  field  or 
laboratory  testing,  the  characteristics  of  the  soils  and  then  classify 
them  according  to  standard  methods. 
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It  also  is  assumed  that  the  land  form-parent  material  relationship 
is  valid  [19,  21,  169].  It  is  accepted  that  under  a  given  set  of  param- 
eters like  climate,  vegetation,  parent  material,  time  and  topographic 
position,  a  given  parent  material  will  result  in  a  given  soil  profile, 

[27,  1VT,  169]. 

Some  work  has  been  done  on  correlation  between  soil  series  and 
engineering  significance.  For  the  state  of  Indiana,  two  principal 
sources  are  available:  "The  Formation,  Distribution  and  Engineering 
Characteristics  of  Soils"  by  Belcher,  Gregg  and  Woods  [27]  and  a  more 
recent  unpublished  work  on  "A  Regional  Approach  to  Highway  Soils  Consid- 
erations" by  Lovell  and  Sisiliano  [1^2] . 

For  the  state  of  Michigan,  a  "Manual  for  Engineering  Soils"  has  been 
prepared  (19^6)  and  revised  in  195^-  It  represents  the  principal  source 
of  information  for  correlation  purposes  in  that  state.  Other  states 
have  similar  manuals  such  as  the  Soil  Manual  for  the  State  of  Washington 
by  McLerran. 

A  limitation  inherent  to  the  pedological  approach  is  that  the  inter- 
preter does  not  obtain  a  "true  vision"  of  the  ground  as  is  the  case  in 
the  aerial  photography  approach.   For  instance,  the  overall  drainage  of 
an  area  is  not  reflected  on  the  pedological  map  in  a  manner  which  could 
help  the  interpreter  to  attach  engineering  significance.  The  degree  of 
saturation  of  the  soil  or  the  poorly  drained  areas,  will  not  be  detected 
either. 

Furthermore  the  pedological  information  is  given  in  terms  of  the 
surface  horizons.  In  most  cases,  little  or  no  information  is  given  on 
the  parent  material:  this  is  the  horizon  of  greatest  importance  to  the 
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engineer.  In  the  same  manner,  the  pedological  map  generally  will  not 
reveal  much  about  the  depth  to  bedrock,  potential  landslide  areas,  or 
sources  of  granular  materials.  Obviously  all  these  limitations  have  to 
be  overcome.  In  practice  there  are  two  alternatives;  one  is  to  conduct 
extensive  field  checking,  the  second  is  to  use  other  sources  of  informa- 
tion like  aerial  photographs,  geological  maps,  well  logs  or  other  shallow 
boring  logs,  geophysical  investigation  and  systematic  boring  investiga- 
tion. 

1.^12  Aerial  Photographs  as  a  Source.  This  approach  also  neces- 
sitates certain  assumptions.  The  investigator  must  be  competent  in 
photo-interpretation  and  ideally  have  a  solid  background  in  the  earth 
sciences  (particularly  geomorphology)  and  in  civil  engineering  (particu- 
larly in  the  elements  of  soils  mechanics).  It  also  assumes  the  validity 
of  the  close  relationships  between  land  form  and  parent  material;  in 
other  words,  it  assumes  that  soils  derived  from  the  same  parent  material 
and  submitted  to  the  same  environmental  conditions  would  have  similar 
engineering  properties. 

The  preparation  of  engineering  soils  maps  thus  becomes  more  or  less 
a  well  established  routine.  The  principal  steps  to  follow  are  listed 
below,  in  a  simplified  manner  [k2,   Ikl ,  1U8,  103,  187,  188]. 

(1)  literature  survey  of  earth  materials  information  available 
for  the  area 

(2)  acquisition  of  adequate  aerial  photographic  coverage, 
with  a  minimum  of  6<yj,   overlap  and  30$  side  lap. 

{;'))   assemblage  of  photos  into  mosaics  of  alternate  prints 
(h)   photo-interpretation 
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(5)  field  correlation;  soil  sample  testing;  preparation  of 
soil  profiles 

(6)  correction  of  interpretation 

(7)  tracing  of  maps;  plans  and  profiles;  report. 

The  mosaics  present  some  problems  because  most  of  the  time  uncon- 
trolled mosaics  are  used.  The  much  higher  cost  of  semi-controlled  or 
fully  controlled  mosaics  does  not  allow  for  their  use.  On  this  matter, 
the  advent  of  orthophotomaps  may  be  of  great  help  [3]  although  expensive. 
At  the  present  time,  topographic  maps  and  county  transportation  highway 
maps  can  provide  an  adequate  base  for  control  of  the  photo-mosaics . 

1.1+2  Field  Correlation 
This  is  related  to  the  amount  of  field  work  that  permits  to  tie  up 
the  interpretation  to  the  present  field  situation.  It  can  be  done  in 
different  ways  and  the  amount  of  time,  efforts  and  monies  spent  are 
dictated  by  the  goals  at  stake.  In  the  case  of  regional  and  county 
engineering  soils  maps,  field  examination  of  the  terrain  configuration, 
of  road  cuts,  pits  and  erosional  features  accompanied  with  some  bore 
holes  (hand  auger  most  often)  constitute  adequate  sources  on  which  to 
base  the  correlation.  This  is  the  approach  also  taken  in  most  detailed 
engineering  soil  mapping  for  separate  projects.  It  is  also  the  approach 
in  this  research  project.  In  cases  where  depth  to  bedrock  is  of  critical 
importance,  geophysics  studies  and  some  drilled  bore  holes  may  be 
required.  The  amount  of  field  correlation  should  be  based  on  the  amount 
of  details  required,  the  complexity  of  the  terrain  and  the  time  available. 
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1.U3  Content  of  the  Engineering  Soils  Report 
An  engineering  soils  report  should  contain  the  following  information: 
[187,  2H] 

1)  introduction  and  general  information  on  the  work 

2)  information  on  the  climatic  conditions,  description 

of  the  physiographic  units  and  subunits  and  information 
on  the  geology  of  the  surficial  deposits  and  bedrock 

3)  information  on  the  mapping  procedure,  the  type  and 
amount  of  field  correlation,  soil  sampling  and  testing 

k)   explanation  of  the  map  units  and  symbols 

5)  description  of  map  units  and  engineering  significance 

6)  bibliography. 

l.kk     Nomenclature  and  Symbols 

The  advantage  of  using  appropriate  nomenclature  and  convenient  sets 
of  symbols  has  been  discussed  in  the  literature.  A  system  of  coding  for 
the  engineering  soils  maps  of  Indiana  counties  was  developed  some  time 
ago  [171,  I83].   It  has  the  great  advantage  of  using  a  minimum  of  sym- 
bols to  yield  a  maximum  of  information  but  it  may  present  a  problem  for 
the  untrained  person  to  read. 

Another  approach  was  set  forth  by  Lueder  [147].   It  was  used  exten- 
sively by  other  groups  [117»  103>  186,  175].  Each  soil  unit  (area  of 
soil  with  similar  characteristics  and  soil  profile)  is  labelled  by  a 
composite  symbol.  Each  composite  symbol  is  broken  down  into  three  parts. 
The  first  part  refers  to  the  land  form  of  the  original  geologic  formation. 
It  is  made  up  of  one,  two  or  several  letters.  The  second  part  represents 
the  soil  textural  class  according  to  the  Highway  Research  Board  soil 
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classification  (also  AASHO  Classification).  It  is  represented  by  a 
number.  The  last  part  gives  some  indication  of  the  drainage  character- 
istics of  the  soil  unit,  like  the  quality  of  internal  drainage  and  the 
depth  to  water  table  [103].  A  similar  system  was  developed  for  this 
report . 

1.1+5  The  Mappable  Unit 
The  problem  of  determining  what  is  a  mappable  unit  always  comes  up 
at  the  time  of  interpreting  the  aerial  photographs  or  when  "translating" 
the  pedology  information  into  engineering  terms.  Holman  et  al,  [103] 
and  Weeden  [253]  have  adequately  answered  this  question.  It  should  be 
required  for  a  unit  in  order  to  be  mapped  to  be: 

(1)  capable  of  a  written  definition, 

(2)  positively  recognizable  by  terrain  reconnaissance  techniques 

(3)  preferably  related  to  natural  occurrence  and  based  on 
actual  conditions  and  not  on  factors  assumed  for  convenience 

(h)   capable  of  being  related  to  numerical  evaluation  of  physical 
characteristics  controlling  highway  design,  construction, 
maintenance ,  drainage ,  etc . 

(5)  significantly  different  from  other  units 

(6)  flexible  for  further  subdivision,  but  number  of  units 
should  be  limited  to  a  minimum  in  practice 

(7)  based  on  a  maximum  utility 

(8)  economically  justifiable. 
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1.5  Purposes  and  Utilization  of  Engineering  Soils  Maps 

The  purposes  of  engineering  soils  maps  are  quite  numerous.  One  can 
define  them  primarily  as  maps  showing  the  areal  extent  and  distribution 
of  earth  materials  in  terms  of  possible  engineering  uses.  They  indicate 
at  various  degrees  of  accuracy  and  detail  (both  a  function  of  the  source 
of  information  and  the  scale)  the  areal  distribution  and  location  of 
soils  and  rocks. 

The  numerous  uses  of  engineering  soils  maps  are  abundantly  docu- 
mented in  the  literature.  A  bibliographic  survey  showed  at  least  thirty 
different  articles,  papers  and  books  listing  some  use.  Through  this 
survey,  two  things  were  noticeable:   (l)  the  effect  of  uses  upon  the 
scale  and  (2)  the  variety  of  projects  and  the  different  stages  of  a  given 
project  at  which  such  maps  were  being  used. 

Multiple  scales  are  used  and  depend  upon  the  amount  of  detail 
required.  The  most  frequently  used  scales  for  county  mapping  is  one  mile 
to  one  inch  (1:65,360)  [103,  261]  and  half  a  mile  to  one  inch  (1:31, 680) 
[187,  253].  For  more  detailed  work,  scales  as  large  as  one  thousand 
feet  to  one  inch  (1:12, 000)  or  six  hundred  feet  to  one  inch  (l:6O00) 
[177,  178]  or  even  two  hundred  feet  to  one  inch  (l:2,U00)  [232]  are  being 
used. 

Generally  the  small  scale  maps  are  prepared  from  the  interpretation 
of  aerial  photographs  at  a  scale  of  1:20,000  [26l]  and  1:30,000  [35],  or 
from  pedological  maps  at  1:63,360  or  1:31, 680  scale  ratios.  For  the 
more  detailed  maps,  it  is  recommended  that  larger  scale  photographs  be 
used  such  as  1:15,000,  1:10,000  or  even  1:6,000  [211]. 

On  the  basis  of  types  of  projects  and  stage  at  which  the  maps  are 
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to  be  used,  the  engineering  soils  map  types  would  be  numerous.  Many 
authors  have  expressed  ideas  and  have  quoted  projects  in  which  these  maps 
were  actually  used.  The  following  is  a  list  of  the  possible  uses  for 
highway  engineering  projects  as  it  was  collected  from  the  projects  listed 
on  Table  2. 

(1)  Preliminary  investigation  and  reconnaissance  for 
proposed  highways. 

(2)  Highway  planning  and  design. 

(2.1)  Materials  survey  (sources  of  construction  materials) 

(2.2)  Engineering  soils  distribution — master  soil 
plans  and  profiles . 

(2.3)  Drainage  and  construction  problem  areas  study 
(2.k)   Traffic  study 

(2.5)  Construction  and  maintenance. 

(3)  Subsurface  reconnaissance  and  boring  programs  planning 
for  foundations,  bridge  piers  and  other  structures. 

(k)     Regional  planning  and  land  use  evaluation  studies. 
(5)  Engineering  geology  investigations  related  to  highways 
and  transportation. 

1.6  The  Accuracy  of  the  Method 

Weeden,  in  writing  about  the  engineering  soils  mapping  methods 

states : 

— "the  majority  of  the  states  have  successfully  related 
their  map  units  to  the  AASHO  classification,  both  land 
form  units  and  soil  series,  but  they  have  not  always 
been  sharply  definitive,  in  many  cases  quoting  a  range 
of  AASHO  classes'*  [253,  p.  17]. 


20 


TABU  2. 
BDI1DXRZIO  SOILS  HAW:      APFLICAT1  ORB 


Project   typ»:     Application* 


photo*  scale* 


Highway  planning  and  design:      general   reconnaissance  of  ; 
location 

reconnaissance  of  alternate  routes 

preliminary   location  surveys  and  Jeolgn 
location  surveys   and  contract  plana 


1:12,000   to   1:60.000 

l:2l*,000  to  1:1?  .000 
1:6,000  to  1:600 
1:2.1*00  to  1:2U0 


Hescb  It  Liang  1962 


Railway  planning:      railway  route  location,   materials   surveys , 
aolla   and  geology,    drainage 


1:50,000 


Brini  &  HI  Ui  an  , 
1961* 


Highway  planning;  and  design:      location,   design,   conatructlo 
and  maintenance  phases ;   mostly   for  materials   surveys   and 
classification 


Colvell   (editor)   I960         Highways :      location,   construction,   maintenance  and  materials 


Sal  cher. 
stollsxd  and   Pryco 


Traffic   engineering:     vehicle  counts,   traffic   flow 

Power  lines   location:      shortest  alignment   far  best   foundations 

Pipellne_J.ocatlon:      depths   of  soils,   water  and  wind  erosion. 

■oft  ground  and   adverse  talus   and   slopes 

Dam  site  studies :      physiography  .materials ,   geology 

flood  control  structures :     materiala    for  dlXea   and   leveea , 

location  of  structures    In  terms   of  physiography,   soils   and 

foundations   conditions 

Landslides    Investigations :     areal   extend  study   of  causes  .   possible 

treatmente ,  and  probable  future  extend  and  threats  to  people  and 

or  structures 


Highway  planning  and  design:      reconnalaaance  and   feasibility, 
soils   survey,   drainage  and   cultural   features,   bridges   and 
culverts  location,  route  selection,   land  acquisition,   conatructlo 
plans  and  profiles 


Hofman   et  al.   1961 


Holman,    1956 
Hoffman   et  al.    1957 


Highway  design:     soils   survey  far  pavement  design  and  past 
performance 

Highway   engineering:     terrain  conditions   and   location  of 
adverse  areas,   a  oils  characteristics   correlation  with  past 
performance,    guide   for  subsurface  investigation,   general 
earthwork  and  construction  materials   conditions,   borrow 

materials   location 

Highway  engineering:    location  and  design,   reconnalaaance  of 
soils   and   evaluation,    foundations   Investigations   programs, 
location  of  borrow  materiala,   pavement   deaign  and  carrelatloi 
with  past  performance,    construction  problems   forecast 
Airport  planning  and  design 
Regional  and   urban  planning 
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TABLE  2  cont'd 


ENGINEERING  30ILB   MAJB  :     APPLICATIONS 


Project  type:     Appllcatloi 


Highway   engineering:      route  locatlo 
conditions   aurvey,    drainage  study 


1:63,360  4   1:12,000 


Lueder  1959 


Route  location   for  highways:      preliminary  reconnaissance  and 
final  location 

Canals,   pipelines,    cormunl cat 1 on  lines   location 

Site  location   for  dams,    Materials   location 

Water  resource*   studies:      water  utilization  and  regulation, 

a edlnentat 1 on 

Coastal   and  harbors   studies 

Location  and   assessment   of  special   construction  problems,    Pen 

froat  atudlea ,   Landelldes   atudlea    (by  Ta   Liang) 


Lund  and  Qriena  Highway  engineering:      naterials   location,    planning  and 

1961  conducting  aoils   surveys ,    drainage  and  runoff  charact eristic 

slope  stability  studies 


HeLarran  1957 


Miles   1950 

1951 
1957 

Milan    &  Spence 
1961 


Highway  engineering:  soils  surveys,  materials  location,  general 
site  and  route  evaluation,  potential  problem  areas,  environmental 
factors 


Highway  engineering:      road   locatl-m  studies,    soils   and   drainage 
surveys,    problem  areas   determination,    sampling   locations   for 
more  representative  survey,   pavement  performance  studies 


(multiple) 
1:63.360  for  county 
maps   and 

1:20,000  or   larger 
for  detailed  maps 


Hollard  19U9 

1962 
1  *■-. 


Highway   engineering:      granular  materials   surveys,   soil 
surveys   and  route   location 

Engineering  geology:      detailed  goological   site  studies    for 
dams,   reservoirs,    irrigation  systems,    erosion  problems, 
ground  water  studies,    sedimentation  and   flooding 


(multiple) 


Moultrop  1956 
L9& 


Rib     1966 
1967 

1968 


Highway   engineering:    location  and  basic  design,    guide   In  soils 
boring  programs,    location   of  granular  materials,    estimate  of 
subsoil  conditions,   soils  conditions  in  community  planning 

Highway  engineering:     location  of  construction  materials, 
planning  and  location  surveys,   traffic  surveys,  construction 
inventory  and  maintenance,  ground  conditions:     soils  depth 
to  bedrock,   drainage,   plans  for  boring  programs 


^,000  to  1:15,000 
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In  fact,  soil  series  cannot  be  sharply  defined  in  terms  of  AASHO 
classes  because  of  soils  heterogeneity  and  intermingling  of  soil  layers. 
This  problem  of  variability  was  studied  by  Hampton,  Yoder  and  Burr  [91] 
on  two  different  soil  series,  Brookston  and  Crosby,  as  a  function  of  the 
different  engineering  tests;  Atterberg  limits,  grain  size  distribution, 
compaction  test,  Hveem  stabilometer  test,  CBR  and  unconfined  compression 
tests.  They  found  the  soil  variability  to  be  a  function  of  the  property 
being  tested.  Their  results  indicate  for  these  two  soils,  a  large 
amount  of  variability  for  the  different  properties.  They  indicate  that 
a  relatively  large  number  of  samples  per  soil  series  are  to  be  taken  in 
order  to  determine  with  reasonable  limits  of  accuracy  the  engineering 
properties  of  these  soils.  For  the  Atterberg  limits  they  indicate  the 
horizon  and  the  topographic  position  are  the  most  important  factors  of 
variance  respectively. 

The  amount  of  borings  for  reasonable  limits  of  accuracy  at  a  95$ 
confidence  level  would  be  much  greater  than  is  accepted  even  in  the 
conventional  highway  soils  surveys  and  the  cost  would  of  course,  be 
unjustifiable.  One  then  has  to  compromise.  And  the  question  is  how 
much.  This  has  no  definite  answer.  It  is  a  function  of  economics,  of 
good  engineering  practice,  of  the  type  of  structure  being  built  and  of  a 
good  many  other  factors.  It  is  important  to  recall  here  that  engineering 
soils  maps  have  to  be  based  on  sufficient  sampling  to  indicate  the  broad 
textural  classes  of  soils  using  the  standard  soil  classification  methods. 

It  is  not  economical  to  bore  every  two  to  five  hundred  feet  along  a 
center  line,  or  try  to  sample  every  mapped  unit.  This  is  precisely 
where  detailed  engineering  soil  maps  are  of  greatest  help.  Not  only 
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would  the  maps  be  of  great  assistance  for  the  route  selection  process 
but  also  they  would 

1)  assist  in  developing  the  soil  boring  programs. 

2)  make  these  programs  more  representative  and  reliable 
because  testing  would  be  provided  for  each  significant 
map  unit. 

3)  avoid  duplicating  and  over-sampling  of  uniform  map  units. 
k)   allow  for  a  much  better  overall  understanding  of  earth 

materials  distribution  over  the  area  and  help  in  the 
selection  of  design  values  for  pavements  or  other 
facilities  [262]. 

5)  allow  for  other  accrued  benefits  like  the  minimization 
of  roadcuts  and  deep  fills,  fast  location  of  adequate 
construction  materials  supply,  and  an  easier  and  more 
precise  evaluation  of  drainage  needs. 

6)  minimize  the  cost  of  boring  programs  by  a  sensible 
reduction  of  the  total  number  of  borings  and  also  cut 
the  overall  time  spent  on  planning,  design  and  con- 
struction phases. 

There  is  another  approach  to  test  the  problem  of  accuracy.  By 
comparing  maps  produced  by  different  methods  of  photo  interpretation  or 
by  different  people  to  a  map  considered  to  be  a  reliable  standard,  one 
can  derive  ratios  of  correctly  interpreted  acreage  to  total  acreage. 
These  ratios  allow  the  comparison  of  percentages  of  correct  interpreta- 
tion as  a  function  of  the  photo- interpretation  methods,  the  scale,  or 
some  other  attribute.  This  is  the  procedure  followed  by  Pomerening  and 
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Cline  [206]  and  Thornburn  and  Liu  [2^5]. 

Pomerening  and  Cline  found  that  field  checking  resulted  in  consis- 
tent increases  of  accuracy  for  each  method  of  photo  interpretation, 
particularly  in  the  complex  areas.  They  also  noticed  that  complexity  of 
the  area  had  a  profound  effect  on  accuracy  for  each  of  the  five  methods 
used.  The  results  also  showed  that  mapping  on  the  basis  of  either 
parent-material,  or  stoniness  or  drainage  was  consistent  as  long  as  field 
checking  was  permitted;  otherwise  the  percentage  of  correctly  mapped 
areas  would  drop  radically.  Finally,  it  was  found  that  the  interpreter's 
knowledge  and  background  were  controlling  factors. 

Thornburn  and  Liu's  results  indicate  that  based  on  comparative 
mapping,  as  did  Pomerening,  the  percentage  of  total  area  with  correspond- 
ing map  units  is  high  if  the  basis  is  the  parent  material  groups  (77$) 
but  low  if  the  basis  is  the  pedologic  soil  series  (27$). 

Such  results  indicate  the  validity  of  mapping  soils  on  the  basis  of 
parent  material  and  land  form  relationship  with  the  assistance  of  suffi- 
cient field  correlation.  But  such  comparative  studies  also  test  the 
individual's  ability  to  interpret  photos,  just  as  well  as  they  test  the 
mapping  techniques. 

Thus  three  things  must  be  clearly  distinguished:  1)  the  content  of 
the  photos,  2)  the  interpreter's  ability  to  extract  the  content,  in  other 
words,  to  detect,  identify  and  indicate  the  significance  of  what  he  sees, 
and  3)  the  actual  ground  truth,  or  what  things  are  in  reality. 

It  may  well  happen  that  the  photo  indicates  similar  gray  tones  and 
textures  for  different  objects  and  thus  does  not  report  all  the  ground 
truth.  On  the  other  hand  the  interpreter  may  be  able  to  extract  only  so 
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much  of  the  photo  content  due  to  his  limited  capability.  This  is  to  show 
how  relative  it  can  be  to  speak  of  accuracy. 

The  last  sections  of  this  introductory  chapter  contained  a  review 
augmented  by  the  author's  comments  of  what  engineering  soils  maps  are, 
what  they  are  meant  for  and  how  they  are  produced.  Aerial  photographic 
interpretation  was  indicated  as  a  method  of  obtaining  the  information 
but  relatively  little  was  said  about  the  technique.  Following  is  a 
review  of  information  on  this  matter  and  of  other  means  of  remotely 
obtaining  soils  information  over  an  area. 
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CHAPTER  2 

REVIEW  OF  AIRPHOTO  INTERPRETATION  AND 
MULTI SPECTRAL  REMOTE  SENSING  METHODS 


To  researchers  in  remote  sensing  and  aerial  photographic  inter- 
preters, the  use  of  airphotos  becomes  more  and  more  diversified  as  they 
see  the  birth  of  new  sciences:  space  photography,  space  geology,  environ- 
mental sciences  and  the  grand  scale  attempts  to  solve  some  of  mankind's 
great  problems,  problems  created  by  the  expanding  population,  problems 
of  reclaiming  land  for  agricultural  development,  for  water  supply  and 
conservation,  for  expanding  urban  areas  and  many  more. 

Far  from  being  a  static  field,  aerial  photography  has  been  very 
active  and  has  evolved  considerably  over  the  last  thirty  or  forty  years. 

Remote  sensing  has  evolved  extremely  fast  as  it  started  just  a  few 
years  back.  Remote  sensing  has  been  defined  as  the  collection  of  infor- 
mative data  on  objects,  in  a  remote  manner;  the  nature  of  the  "data"  is 
either  electromagnetic,  mass,  field  force  or  other  energy  manifestation, 
and  "remote"  refers  to  largely  distant  whereby  the  probing  instrument 
does  not  touch  the  object  being  investigated. 

This  definition  would  permit  inclusion  of  aerial  photography  under 
the  broader  scope  of  remote  sensing  and  it  is  logical  to  do  so.  But  for 
our  needs,  aerial  photography  will  be  treated  separately  because  of  its 
distinct  origin  and  its  evolution  quite  different  than  that  of  remote 
sensing.  And  remote  sensing  here  will  be  restrained  to  the  multispectral 
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imagery  obtained  over  the  different  regions  of  the  electromagnetic  spec- 
trum, ultraviolet,  visible  and  infrared,  while,  in  fact,  it  includes 
also  radar  imagery  and  passive  microwaves. 

The  next  two  sections  will  review  black  and  white  and  color  photo 
interpretation.  A  third  section  will  give  a  short  summary  on  multispec- 
tral  photography  and  a  fourth  section  will  discuss  multi spectral  and 
infrared  imagery. 

2.1  Review  of  Black  and  White  Aerial  Photographic 
Interpretation  Methods 

This  section  is  not  meant  to  cover  the  principles  of  airphoto- 
interpretation  in  all  the  details.  This  is  covered  lengthly  in  the 
literature.  Belcher  [2k],   Colwell  08,  1+9,  52],  Frost  [82],  Mollard 
[l80],  Miles  [169,  171] >  Rib  [211]  and  many  more  have  documented  the 
aspects  of  photo  interpretation  as  related  to  engineering  soils  and 
earth  materials.  In  the  same  manner,  numerous  scientists  and  engineers 
have  written  papers,  reports  and  books  on  airphoto  interpretation  as 
applied  to  agriculture,  forestry,  geology,  geography  and  numerous  other 
aspects  of  man's  activities  [15,  233 »  50]. 

The  purpose  here  is  to  review  what  was  done  to  better  appreciate 
what  the  newer  materials  like  color  photography,  multi spectral  photog- 
raphy and  imagery  have  to  offer.  This  chapter  will  also  review  the 
newer  approaches  in  remote  sensing  as  they  may  affect  the  civil  engineer. 

2.11  Basic  Concepts 
Interpretation  of  black  and  white  aerial  photographs  in  order  to 
obtain  engineering  and  scientific  information  started  in  the  late  1920' s. 
The  soil  scientist  started  using  them  in  the  field  and  civil  engineers 
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began  to  use  them  for  location  studies.  The  Armed  Forces  became  interested 
in  aerial  reconnaissance  using  photography  during  World  War  Two,  partic- 
ularly in  organic  terrain  and  mobility  studies. 

Belcher  discussed  the  concept  of  land  form  as  an  important  source 
of  information  for  obtaining  engineering  characteristics  of  soils  [18, 
20,  22].  He  emphasized  that  the  land  form  is  a  key  to  the  type  of 
parent  material  and  that  the  parent  material  is  a  key  to  the  general 
physical  properties  of  the  soils.  He  pointed  out  the  importance  of 
climate,  mode  of  origin  of  the  land  forms,  drainage  and  relief  as  major 
factors  influencing  the  formation  of  soils.  He  discussed  the  concept  of 
photo  patterns  for  soils  [21,  23],  indicated  the  engineering  significance 
of  land  forms  [2i*-] ,  and  the  importance  of  microforms  and  microfeatures 
[26].  Belcher  and  his  collaborators  prepared  a  report  with  information 
on  the  use  of  photo- interpretation  to  define  engineering  soil  properties 
[27]. 

Frost  studied  the  use  of  airphotos  to  locate  granular  materials  and 
the  factors  limiting  the  use  of  airphotos  [78,  80].  Parvis  studied 
drainage  patterns  as  a  factor  in  photo- interpretation  [202,  203].  Miles 
investigated  the  preparation  of  drainage  maps  and  engineering  soils  maps 
for  highways  [165,  166,  167].  Altschaeffl  [2]  studied  the  moisture  and 
other  natural  variables  as  they  affect  photo  tones  and  McLerran  [l6l] 
reviewed  the  significance  of  photo  interpretation  in  highway  programs. 

From  these  early  efforts,  a  group  of  basic  concepts  were  derived. 
They  have  been  extensively  used  in  teaching  airphoto  interpretation  [82]. 
They  have  been  reviewed  in  a  paper  by  Miles  [169]. 
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1)  The  Land  Form-Parent  Material  Concept:  it  is  based  on  the 
fact  that  under  similar  conditions  of  climate,  topography, 
time,  original  formation  and  biologic  agents,  a  given 
parent  material  will  produce  a  soil  with  significantly  the 
same  engineering  properties;  and,  in  a  given  geological 
environment,  land  forms  contain  similar  parent  materials. 

2)  The  Concept  of  Repetitive  Units:   similar  geological  pro- 
cesses and  environmental  conditions  will  always  produce 
similar  land  forms. 

3)  The  Concept  of  Photo  Pattern  and  its  Elements:  the  air- 
photos  are  made  up  of  discrete  units  which  constitute  a 
pattern.  The  pattern  can  be  broken  down  into  elements  of 
forms  and  tones  and  textures.  The  elements  of  form  are 
due  to  the  topography,  drainage,  erosion  and  deposition. 
The  elements  of  tones  and  textures  are  due  to  the  soils 
and  rocks,  the  vegetation,  the  land  use  and  water  bodies 
(see  Figure  3). 

These  concepts  permit  dissection  of  the  airphotos  into  elements  and, 
by  the  process  of  inference,  association  and  deduction,  extraction  of 
information  from  the  photo. 

The  reader  will  find  additional  information  in  the  following 
references:  Colwell  [50],  Lueder  [1^9],  Frost  etal.  [82],  Miles  et  al. 
[170],  Mollard  [l8l],  Bandat  [15],  Ray  [209],  Avery  [12]. 
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FIGURE    3.     BASIC     CONCEPT    IN    PHOTO  "INTERPRETATION 
THE    PHOTO    PATTERN    AND     ITS    ELEMENTS 
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2.12  The  General  Procedure 

From  the  many  references  used  in  the  research,  the  most  relevant 
information  is  summarized  in  Figure  k.     It  is  an  attempt  to  answer  ques- 
tions raised  in  the  literature  [65]  as  to  what  is  the  process  of  photo- 
interpretation  and  how  is  the  photo  interpreter's  mind  operating? 

Figure  k   is  divided  in  three  parts.  The  upper  part  shows  that  a 
photo  contains  information  which  is  subdivided  into  photo  elements  (grey 
tones,  shapes,  lines,  textures,  etc.).  By  the  process  of  analysis, 
these  are  grouped  to  make  patterns  and  by  inference,  the  pattern  is 
recognized  as  being  either  a  lake,  roads  or  a  town,  etc.  This  is  a 
rather  fast  process  for  the  simple  case.  The  more  intricate  cases  are 
analyzed  step  by  step  and  additional  information  is  gained  by  adding  up 
the  contribution  of  each  specific  photo  element  (indicated  by  dark  tri- 
angular arrows)  and  constitute  the  processes  of  inference  (right  hand 
side  of  Figure  k) .  The  trained  photo- interpreter  asks  himself  the 
appropriate  questions  in  order  to  extract  all  the  possible  details  from 
the  photo  elements.  The  better  his  training  and  experience,  the  faster 
and  the  more  accurate  his  inference. 

As  a  result  of  the  inference  processes,  objects  on  the  photo  are 
identified  and  based  on  education,  background  and  experience  (middle 
part  of  Figure  k),   the  photo  interpreter  interprets  the  significance  of 
objects  identified. 

The  different  steps  of  the  inference  process  are  most  critical  to 
the  photo- interpreter's  success.  In  practice,  there  are  more  questions 
raised  than  actually  shown  by  the  arrows.  The  point  is  that  they  are 
numerous  and  are  raised  one  at  a  time,  till  the  photo  interpreter  by 
successive  progress  finally  identifies  the  object  or  the  scene. 
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MECHANISMS    OF   PHOTO    INTERPRETATION 
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FIGURE    4.    GENERAL     PROCEDURE  AND      PHOTO - 
INTERPRETATION      INFERENCE     LEVELS    IN     ENGINEERING 
SOILS     MAPPING 


The  distinction  must  be  made  between  recognition  of  an  object  and 
its  identification.  One  can  detect  its  form,  tone,  etc.,  but  may  be 
unable  to  identify  or  attach  a  name.  If  one  has  sufficient  positive 
answers  at  each  step  of  the  inference  process,  sufficient  information  is 
accumulated  to  produce  "convergence  of  the  evidence"  and  thus  identify 
the  object. 

Distinction  is  also  made  between  identification  and  interpretation. 
Identification  relates  to  naming  of  an  object  and  interpretation  relates 
to  judgement  that  attaches  a  significance  to  the  object  identification. 

Identification  and  interpretation  are  based  on  the  scientific  and 
technical  background  of  the  photo- interpreter,  his  experience,  and  his 
mental  disposition  (see  middle  part  of  Figure  U).  It  also  is  a  function 
of  the  acuity  of  the  physiological  function  of  his  eyes;  stereo  percep- 
tion, eyesight  resolution,  and  overall  physical  condition  [95]. 

The  third  part  of  Figure  k   shows  the  different  levels  of  inference 
in  aerial  photographic  interpretation.  It  shows  that  for  each  level,  an 
increment  of  information  is  gained.   From  left  to  right,  from  single 
photos  to  stereo  pairs,  the  increment  is  the  third  dimensional  informa- 
tion. It  is  part  of  the  photo  element  of  form,  and  is  necessary  to 
identify  land  forms  which  in  turn  are  most  useful  to  infer  the  soil 
groups  present  on  the  land  form. 

An  increase  in  information  is  achieved  by  going  from  stereo  pairs 
to  mosaics.  The  gain  is  in  additional  information  on  the  overall  geomor- 
phological  processes  that  took  place  in  the  area  and  on  the  regional 
distribution  of  materials.  This  step  is  of  absolute  necessity  in  site 
selection  problems,  for  instance. 
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The  fourth  step  is  to  use  field  control.  This  is  to  verify  the 
inference  and  to  establish  a  direct  identification  of  the  earth  materials, 
range  of  variability,  to  prepare  soil  profiles  and  to  test  samples  for 
classification  purposes.  With  this  information,  it  is  possible  to  go  by 
similitude,  association  and  deduction  and  make  a  positive  interpretation. 
This  is  an  important  step  which  has  been  emphasized  in  Chapter  2. 

The  first  two  levels  of  inference  in  the  overall  procedure  or 
mechanism  of  photo-interpretation  are  emphasized  on  Figure  5  and  Figure 
6.  Figure  5  indicates  that  only  a  final  identification  such  as  dry  bare 
soil  or  stubble  ground,  is  reached.  This  is  of  relatively  little  help  to 
interpret  the  materials.  The  second  level  of  inference  (Figure  6)  indi- 
cates that  the  dry  bare  soil  can  be  divided  into  beach  ridge  and  sand 
dune,  on  the  basis  of  land  form  as  indicated  by  the  third  dimension. 
This  immediately  is  of  interest  for  the  inference  of  the  properties  of 
soils.  The  mosaic  will  show  the  extent  and  distribution  of  these  land 
forms  and  their  related  materials. 

The  last  step  will  be  to  go  in  the  field  and  sample  each  land  form 
and  determine,  for  instance,  that  the  beach  ridge  has  coarser  sand  and 
the  dune  finer  and  more  uniformly  graded  sand.  This  completes  the 
interpretation  cycle.  Then  all  areas  "looking  like"  the  areas  already 
sampled  will  be  labeled  with  the  same  engineering  soil  group  symbols. 

2.2  Review  of  Color  Airphoto  Interpretation  Methods 
The  problems  of  using  color  aerial  photography  range  from  high  cost 
to  the  narrow  exposure  latitude  and  the  more  rigourous  controls  required 
during  processing.  Color  film  shows  objects  in  their  natural  colors, 
and  this  is  a  major  attribute.  There  is  no  doubt  that  if  color  is  so 
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MECHANISMS  OF  PHOTO  INTERPRETATION 
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FIGURE    5.    FIRST    LEVEL    OF    INFERENCE    AND     THE 
GENERAL    PROCEDURE      OF     PHOTO"  INTERPRETATION 
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MECHANISMS  OF  PHOTO  INTERPRETATION 
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FIGURE    6.     SECOND    LEVEL     OF     INFERENCE     AND    THE 
GENERAL      PROCEDURE      OF     PHOTO -INTERPRETATION 
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extensively  used  today,  it  is  due  in  greater  part  to  its  property  of 
rendering  natural  colors  and  this  increases  its  interpretability  [238]. 

Many  reports  on  experimental  work  with  color  aerial  photography 
and  its  applications  are  reported  in  the  literature.  All  these  efforts 
were  recently  summarized  in  the  "Manual  of  Color  Aerial  Photography" 
[227].  The  first  part  of  the  book  gives  the  fundamentals  of  color,  the 
planning  of  color  photographic  missions,  camera  optics,  film  sensitometry, 
and  the  information  on  processing  and  printing.  The  second  part  is 
related  to  the  applications  of  color  photography. 

2.21  Studies  with  Color  Photography 
This  section  is  a  brief  review  of  some  of  the  research  and  applica- 
tions of  color  aerial  photography.  Rib  [211]  reviewed  the  great  majority 
of  the  references  previous  to  December  1966.  The  following  notes  con- 
tinue his  work  in  an  attempt  to  link  all  these  sources  of  information 
together . 

The  fundamental  question  of  the  sensitometry  of  color  films  was 
treated  recently  by  Current  [58],  Fritz  [77] >  Sorem  [228]  and  also  in 
great  detail  by  Cretcher  and  Balentine  Peed  [in  227].  It  is  a  subject 
most  important  to  help  understand  how  colors  are  rendered  by  the  three 
layers  of  the  film  (two  in  the  case  of  the  SN-k   Russian  false  color 
film). 

Foi'  a  better  understanding  of  the  role  of  color  it  must  be  said 
that  the  color  on  the  photo  is  not  necessary  exactly  identical  to  the 
color  of  the  photographed  object.  Sorem  [228]  stated: 

"As  we  are  concerned  here  with  a  picture  as  a  source 
of  information  rather  than  for  its  emotional  or  artistic 
qualities,  we  assume  that  the  more  accurately  it  (the  color 
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photo)  conveys  the  same  sense  impressions  as  the  original, 
the  better.  But  these  impressions  are  evoked  by  pictorial 
clues  which  are  not  like  the  original  in  any  exactly  meas- 
urable sense.  This  is  an  obvious,  yet  subtle,  point.   Failure 
to  understand  it  has  been  responsible  for  overly  optimistic 
hopes  for  automated  photo- interpretation.   Failure  to  under- 
stand it  also  leads  some  photographers  to  expect  to  be  able 
to  measure  such  things  as  the  per  cent  reflectance,  or  the 
spectral  reflectance  characteristics  of  objects  in  photo- 
graphs of  them." 

The  Kodak  color  infrared  film  responds  in  a  different  manner,  '//hen 
developed  to  a  positive,  this  film  shows  the  color  of  objects  in  the 
same  sequence  as  they  would  appear  on  regular  color  film,  but  this 
sequence  is  shifted  one  block  towards  longer  wavelengths  [77]' 

Knowing  the  spectral  reflectance  of  an  object  (i.e.,  the  percentage 
of  energy  reflected  back  from  the  surface  of  an  object  as  a  function  of 
the  wavelength),  one  can  predict  its  change  of  color  on  the  film.   For 
instance,  healthy  vegetation  normally  reflects  very  strongly  in  the  near 
infrared  (also  called  reflective  infrared)  and  this  is  translated  into 
magenta  or  red  on  the  photographic  film.   On  the  other  hand,  unhealthy 
vegetation  will  have  weaker  reflectance  in  the  near  infrared,  stronger 
reflectance  in  the  blue-green  than  healthy  vegetation  and  the  film  will 
show  less  red  and  more  cyan  (blue).   Knowledge  of  the  sensitometry  of 
the  film  and  the  reflectance  properties  of  the  objects  or  phenomena  to 
be  observed,  like  plant  disease,  water  pollution  etc.,  is  at  the  base  of 
effective  color  photo-detection. 

Figure  7  is  a  summary  of  the  aerial  films  used  in  the  present 
research  project  along  Highway  37  in  Indiana.  This  figure  shows  the 
principal  film  types,  their  response  bandwidth  and  the  filters  used. 

Most  striking  among  the  film  types  listed  on  this  figure  is  a  new 
system  developed  by  Kodak  and  called  "Kodak  Aero-Neg  Color  System"  [227], 
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The  film  of  this  system  is  the  Kodak  Ektachrome  MS  Aerographic  film, 
type  2M;8  (Estar  Base)  (replaces  type  S0151).   This  film  can  be  processed 
either  to  a  direct  viewing  transparency  or  to  a  negative  for  printing. 
When  processed  with  the  modified  Kodak  Color  Process  C-22  to  a  negative, 
it  can  be  used  to  obtain  any  of  the  following:  1)  color  diapositive 
plates,  2)  color  paper  prints,  j)   color  film  transparencies,  k)   black 
and  white  diapositive  plates  and  5)  black  and  white  paper  prints.   This 
great  versatility  can  be  extremely  useful  in  airphoto  interpretation  and 
in  surveying  and  mapping  by  combining  both  the  advantages  of  color  and 
the  lower  price  of  black  and  white.  There  are  other  advantages  too,  like 
the  greater  exposure  latitude  of  this  film  when  processed  to  a  negative. 

Factors  influencing  color  aerial  photography  are  numerous.  They 
include  (l)  the  ground  conditions,  (2)  the  atmospheric  conditions,  (5) 
the  film  /  filter  combinations,  (k)   processing,  printing  and  viewing. 
These  factors  were  reviewed  in  greater  detail  by  Rib  [211],  Colwell  [52], 
and  in  the  "Manual  of  Color  Aerial  Photography  [227]. 

2.211  Experiments  on  Color  Interpretability  of  the  Scene.  These 
experiments  were  mostly  conducted  by  the  American  Society  of  Photogrammetry 
in  collaboration  with  the  U.  S.  Army  Engineer  Topographic  Laboratories, 
the  U.  S.  Air  Force,  the  U.  S.  Coast  and  Geodetic  Survey  and  the  U.  S. 
Geological  Survey.  These  tests  were  designed  to  study  specific  problems 
created  by  the  use  of  color  aerial  photos  and  equipment,  like  the  fall 
off  of  color  saturation  at  the  edge  of  camera  field.  They  were  also 
designed  to  make  a  comparative  study  of  aerial  films  in  terms  of  inter- 
pretability, target  detection  and  discrimination. 

A  summary  of  these  investigations  was  presented  by  Anson  [U,  5,  7,  8] 
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and  by  Anson  and  Quick  [in  221].      The  Bennett svi lie,  S.  C.  test  area  was 
used  to  study  the  increase  in  information  for  each  film  type,  the  inter- 
pretability  (rapidity)  and  the  fidelity  of  the  interpretation.   The  Davis 
Campus  test  was  designed  to  study  the  fall  off  of  color  at  camera  field 
edges.  The  Yosemite  experiment  (by  Anson  and  Colwell)  [55]  ''as  designed 
to  study  specific  discrimination  for  several  types  of  soils  and  rocks. 
The  Phoenix,  Arizona  test  site  was  used  to  study  the  scale-altitude 
effect  on  detectability,  the  best  film  type  for  specific  interpretative 
uses,  the  problem  of  sun  angle,  and  the  type  of  ground  truth  to  be 
collected  in  future  research. 

Mintzer  [1761  presented  the  results  of  five  different  comparative 
studies  of  the  Phoenix,  Arizona  test  range.  From  these  experiments,  it 
was  concluded  that  color  infrared  film  is  superior  for  mapping  drainage, 
vegetation  and  moist  soils,  and  natural  color  film  is  superior  for 
mapping  cultural  features  and  soils.  Similar  conclusions  were  also 
reached  by  Anson  [U,  5f  8]. 

For  the  interpretation  of  terrain  and  soils,  it  was  also  concluded 
that  the  best  scale  was  1:20,000,  and  the  best  film  was  natural  color. 
At  a  scale  of  1:1*0,000,  the  best  films  were  natural  color  for  cultural 
features  and  color  infrared  for  natural  features,  but  at  a  1:60,000 
scale,  color  infrared  becomes  the  best  film  for  the  overall  scene  inter- 
pretation [176].  It  was  also  concluded  that  the  degree  to  which  color 
and  color  IR  aided  the  interpreter  was  a  function  of  the  scale  and  the 
specific  features  examined. 

2.21?  Experiments  Applied  to  Highway  Engineering.   The  two  applica- 
tions of  most  direct  interest  for  the  present  report  are  1)  curveys  for 


k-2 


materials  and  2)  engineering  soils  mapping. 

The  problem  of  materials  surveys  using  color  photography  was  invest- 
igated by  Chaves,  Shuster  and  Warren  [1+2]  and  further  tested  by  Chaves 
and  Shuster  [k~$ ,  kk,    k5]  •     The  usefulness  of  color  in  an  environment  of 
rugged  terrain  and  diversified  soils  and  rock  types  was  evidenced  by 
their  research  conducted  in  Colorado-Utah  area  (district  9  of  Bureau  of 
Public  Roads). 

It  was  concluded  from  their  investigations  that  natural  color  film 
helped  differentiate  soils,  shale  as  against  sandstone,  sands  and  gravels 
that  contained  high  percentages  of  lava  fragments  and  it  helped  delineate 
terrace  remnants  and  organic  soils  much  more  accurately.   It  also  accel- 
erated the  work.   Color  infrared  film  was  found  to  be  more  useful  than 
natural  color  film  to  differentiate  limestone,  natural  and  cultural 
objects,  water  seepage,  boggy  ground  and  hydrologic  features. 

Another  set  of  investigations  were  conducted  by  Mintzer  on  soils 
mapping,  drainage  mapping  and  landslide  susceptible  terrains.  These 
case  histories  showed  that  natural  color,  because  of  the  contrasting 
natural  color  tones,  helped  in  the  interpretation  of  gully  shapes,  of 
gradient  and  of  erosional  features.  Infrared  color  film  helped  more 
than  natural  color  in  the  case  of  intermittent  streams  and  drainage 
mapping  and  to  collect  information  on  land  form  and  vegetation  [176]. 

Rib  [211]  conducted  a  comprehensive  study  on  the  comparative  per- 
formance of  color  films  (first  phase  of  the  present  project).   The  con- 
clusions were  reported  earlier.   It  is  important  to  recall  that  natural 
color  film  was  found  as  the  best  single  source  of  information  for  mapping 
soils  as  it  is  based  on  their  natural  color  appearance,  but  color  infrared 
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was  considered  more  effective  to  map  wet  areas,  wet  and  boggy  soils  and 
drainage  features. 

These  results  in  addition  to  other  applications  of  color  films  are 
summarized  in  Table  3-  It  appears  from  this  resume  that  both  color  and 
color  infrared  films  are  useful  for  engineering  applications.  There 
appears  to  be  a  preference  for  color  in  soils  mapping  and  for  color 
infrared  in  the  case  of  general  purposes  mapping. 

2.213  Quantitative  Approach  to  Color  Photo-Interpretation.  Chaves 
et  al.  [U2]  suggested  that  attempts  be  made  to  determine,  by  means  of 
densitometer  and  microdensitometer  measurements,  if  a  quantitative 
approach  to  photo- interpretation  of  color  films  could  be  a  reasonable 
way  to  attack  the  problem  of  automatic  interpretation. 

Part  of  the  problem  was  to  design  a  quantitative  method  of  coding 
colors.  This  was  investigated  during  Rib's  study  on  a  mult i spectral 
approach  to  mapping  soils,  [87.  212,  227].  This  system  has  been  used  by 
the  author  and  results  appear  in  a  later  section. 

2.22  Color  in  the  General  Procedure  of 
Photo  Interpretation 

It  is  documented  that  color  and  color  infrared  films,  because  of 

the  new  dimension  they  confer  to  aerial  surveillance,  are  an  asset  to 

photo-interpretation  techniques.  The  new  dimension  of  color  conferred 

to  the  element  of  tone  in  the  general  scheme  of  photo-interpretation  is 

most  useful.  Figure  8  shows  the  different  levels  at  which  color  helps 

complete  the  processes  of  inference  (refer  also  to  Figure  k   on  page  32). 

It  is  seen  that  this  new  pattern  element  allows  for  a  more  accurate  and 

more  rapid  answer. 
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TABLE   3- 
COMPARATIVE  STUDY  OF  COLOH   FILM  ADVANTAGES    IN   ENGINEERING 
APPLICATIONS  ,    BASED  ON   PREVIOUS  WORX 


Type  of  Research 


Conclusion  on  moat  useful  film 
BW  BWIR  C  1RCD 


Bay  (in  Smith)  Hydrologic  studies  Water  quality;   opacity,   transparency  and 

I968  color,   flow  patterns  and  currents, 

concentration  of  effluents. 


Chare*   et  al. 
196? 


Chaves  et  al. 
1968 


Materials  surveys 


Cultural  features,  soil  types,  seepage 
zones  and  minor  drainage  ways. 


Chaves  et  al.      Materials  surveys      Differentiate  sand  and  gravels  with 
I96U  large  amount  of  lava  fragments,  differentiate 

shale  vs  sandstone,  delineate  terrace 
remnants,  organic  soils  mapping. 


Materials  surveys 


Differentiate  soils  and  shale. 

Differentiate  limestone. 

Natural  features  and  cultural  objects. 

Greater  haze  penetration. 

Differentiation  of  water  seepage 

Boggy  ground  and  hydrologic  features. 


Mlntzer 

(in  Smith,  1966) 


Soils  mapping 

Drainage  mapping 

Landslide 
susceptible 

terrain 
investigation 


Contrasting  natural  color  tones. 

Runoff  lines  density. 

Data  on  land£torm,  drainage  system  and 

vegetati  on . 

Data  on  gully  shape  and  gradient,  erosional 

features,  natural  color  tones  of  soils. 


Mollard  (in 
Smith,  1966) 


Landform  analysis 


■DTE:   BW:   Black  and  White  film  and  prints.   BWIR:   Black  and  White  Infrared  film  and  prints.   C:   Color  film 

poaitive  transparency  and  color  prints  from  color  negative.   IRCD:   Infrared  color  film  (Camouflage  Detection). 

*  indicates  the  most  useful  film. 

-  indicates  other  films  tested  in  the  investigation. 
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TABLE  3.  cont'd. 
COMPARATIVE  STUDY  OF  COLOR  FILM  ADVANTAGES  IB  ENGINEERING 
APPLICATIONS  ,  BASED  ON  PREVIOUB  WORK 


Pressman  (in 
Smith,  1968) 


Type  of  Research 


Oeologic  mapping 


Greater  number  of  surface  materials 
Identified  by  their  colors. 
For  high  altitude  work. 


Conclusion  on  moat  useful  flla 
BW    BWIR    C    IRCD 


Pryor  (in 
Smith,  1968) 


Highway  engineering 


Rib,  1967         Soils  mapping         Natural  color  appearance  of  soils;  due 

to  shades  of  colors  possibility  to  differentiate 
if  tones  are  due  to  soil  color,  moisture, 
vegetation  or  cultural  features. 


Stallard,  et.  al.   Highway  engineering 

1965 


Soils  surveys. 


Strandberg        Water  pollution 

(in  Smith,  1968)     *»iy«i» 


Swanscm  (in       Shoreline  mapping 
Smith,  1968) 


Bottom  features  as  deep  as  20  feet;  tidal 
currents  in  bays;  harbors  and  open  sea  as 
deep  as  25  feet;  mare  accurate  triangulation, 
measurement  of  land  subsidence  or  uplift. 


Welch,  1966 


Materials  studies 


Glaciated  terrain:  soils  and  rocks. 
Vegetation  types  and  general  interpretation. 


Whitten  (in 
Smith,  1968) 


Earthquake 

damaged  area 


Fault  scarp  under  water. 
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MECHANISMS    OF   PHOTO   INTERPRETATION 


COLOR    PHOTOS 


PHOTO      FEATURES 
natural  color,  shapes,  lines,  rectangles,  textures,  mottlings,  etc. 


pattern 
of 

road 


concrete     asphalt 
pavement       road 


brown 


color 


pattern 
of 

fields 


I 

pattern 

of 


river 


color 


other   colors 
blue    water  of 

water 


green 


color 
texture 


light 


dark 


row 
crops 


forests 


dry 


moist 


color 


coniferous  deciduous 


beach 

sand 

mature 

early 

blooming 

ridge 

dune 

crops 

crops 

dogwood 

FIGURE      8.     COLOR     AS     AN      ASSET     TO     THE 
GENERAL     PROCEDURE      OF     PHOTO- INTERPRETATION 
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Taking  the  example  that  was  used  above,  fields  can  be  separated  on 
the  basis  of  color  into  brown  fields  and  green  fields  (Figure  8).  The 
brown  fields  correspond  to  stubble  fields  or  bare  soils.  This  is  not  as 
evident  on  a  black  and  white  photo,  and  the  interpreter  must  search  a 
little  longer.  This  is  how  color  can  save  time  and  procure  a  more  accu- 
rate answer.  Color  adds  to  the  ability  to  determine  regional  extent  of 
similar  materials. 

Color  has  limitations.  Besides  a  higher  cost  which  may  not  always 
be  offset  by  the  gain  in  information,  there  is  a  shorter  exposure  lati- 
tude than  for  black  and  white,  and  the  films  and  prints  do  not  have  the 
stability  needed  if  airphotos  are  to  be  used  as  a  permanent  record.  At 
high  altitude  there  is  a  significant  color  change  (see  Pressman,  in  [227]) 
except  for  haze- free  days  which  are  rare;  although  color  infrared  may 
offset  this  problem.   Finally  photo- interpreters  trained  on  black  and 
white  generally  take  some  time  to  fully  take  advantage  of  the  color 
element. 

Referring  to  the  problem  of  automatic-interpretation  and  the  scan- 
ning devices  used  in  recent  approaches,  it  must  be  pointed  out  that  in 
the  process  of  photo- interpretation,  the  human  eye  does  not  actually 
scan  the  photo;  it  collects  information  on  a  given  area  that  may  be 
several  square  inches  in  extent.  In  other  words,  it  actually  "sees"  a 
piece  of  the  photo.  This  is  an  important  point  to  consider  in  the 
design  of  automatic-interpretation  devices;  maybe  that  a  device  reading 
the  photo  on  a  matrix  format  rather  than  scan  lines  would  accelerate  the 
collection  and  facilitate  the  sorting  of  the  data. 
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2.3  The  Mult i spectral  Photographic  Method 
Multispectral  or  multiband  photography,  as  opposed  to  multiband 
imagery,  is  obtained  by  standard  photographic  cameras  except  that, 
through  an  appropriate  use  of  films  and  filters,  the  scene's  electro- 
magnetic energy  is  divided  into  a  given  number  of  narrow  spectrum  band- 
widths.  The  multispectral  imagery  is  obtained  by  non- conventional  means 
and  will  be  described  later. 

2.31  Definitions,  Principle,  Instrumentation 
and  Purpose 

One  could  conceive  of  multispectral  photography  as  one  of  a  broader 

group  of  techniques  that  are  referred  to  as  "image  enhancement  techniques." 

All  have  the  basic  purpose:   " to  make  the  target  of  interest  easier 

to  identify  and  interpret"  [211,  p.  82].  Those  operating  by  conventional 

photographic  methods  are  the  following: 

1)  film- filter  combinations  to  investigate  a  narrow  region 
of  the  spectrum  by  standard  filter-in- front-of- film 
technique  at  the  time  of  exposure. 

2)  enhancement  by  special  laboratory  processing  which  permits 
an  increase  in  the  contrast  between  target  and  background 
(Rib  1967). 

3)  multispectral  photography  which  consists  of  taking  a 
photo  of  the  scene  with  a  multilens  camera  (from 
generally  three  up  to  nine  lenses )  or  a  bank  of  several 
identical  cameras  equipped  with  an  appropriate  set  of 
filters. 
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The  filters  allow  only  the  energy  (light)  in  the  discrete  bands  to 
be  photographed.   A  black  and  white  negative  picture  is  thus  obtained  in 
each  band.  These  negatives  are  in  turn  used  to  make  positives  which  are 
corrected  for  both  the  exposure  and  the  gamma  (see  Yost  and  Wenderoth  in 
Smith  [227])-  Appropriate  color  filters  used  in  projection  permit 
reconstitution  of  the  color  image  (additive  colors  concept)  and  color 
enhancement  can  take  place  by  simply  changing  the  intensity  of  the 
brightness  and  the  saturation  lights  and/ or  the  filters  (hues). 

The  principle  of  multiband  photography  is  based  on  the  different 

reflectance  properties  of  materials.  Fritz  [77]  stated: 

"Ideally  to  detect  photographically  the  differences  or 
changes  in  spectral  reflectance,  it  would  be  desirable  to 
have  spectrophotometric  curves  from  which  to  find  spectral 
regions  of  greatest  difference.  With  suitable  filters, 
photo  could  be  made  in  these  regions  and  the  regions  where 
no  difference  occurs  could  be  eliminated". 

As  fundamental  as  spectral  reflectance  curves  may  be  to  this  subject, 
it  is  only  in  recent  times  that  interest  has  led  to  developing  such 
curves  [6l,  Jh,   209,  195].  Spectral  reflectance  curves  uniquely  define 
the  color  of  an  object,  but  the  color  itself  does  not  tell  anything 
about  the  spectral  reflectance  of  the  object  ([227],  see  Yost  and 
Wenderoth ) . 

The  instrumentation  for  taking  such  photography  varies.  In  fact  it 
can  be  as  simple  as  a  set  of  3  or  k   cameras  (35mm)  with  appropriate 
filters  [156,  198];  or  it  can  be  quite  sophisticated  like  a  set  of  Wild 
RC-8  and  Fairchild  WC-1+  cameras  in  the  NASA  aircraft;  or  the  lt-lens 
camera  developed  by  Fairchild  Camera  and  Instrument  Corp.  ([227],  see 
Appendix  by  Orr  and  Appendix  by  Yost  and  Wenderoth)  [13,  263];  or  the 
9-lens  camera  developed  by  Itek  Corporation  and  the  University  of 
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Michigan  [179];  or  the  multiband  continuous  strip  camera  [259]- 

The  purpose  of  the  multiband  photo  approach  is  to  enhance  the  dif- 
ferent spectral  reflectance  characteristics  of  the  materials  or  of  the 
components  of  the  scene,  and  hopefully  simplify  the  interpretation  whiJe 
Increasing  at  the  same  time  its  accuracy. 

2.'/d     Applications  of  Multispectral  Photography 
The  majority  of  the  tentative  replications  have  been  related  either 
to  geology  or  to  forestry.   Fischer  ["Jh]   studied  the  spectral  reflectance 
of  some  rocks  and  minerals  to  obtain  better  film- filter  combinations  in 
viev/  of  differentiating  rock  units  by  photographic  means.   Other  attempts 
were  also  made  on  geology  applications  by  Poley  [20?],  Cronin  [!?6], 
'■/alter  [251],  Brown  et  al.  [;j6].   Colwell  and  his  collaborators  have 
extensively  used  this  technique  [51»  53]. 

In  all  of  these  attempts,  it  appears  that  there  is  no  straight- 
forward approach.   It  seems  as  though  each  attempt  was  an  entirely  new 
research  program.   The  reason  for  this  is  that  in  each  case,  the  desired 
spectral  reflectance  curves  needed  to  define  the  appropriate  bands  are 
not  known.   This  strongly  emphasizes  the  need  for  further  spectral  reflec- 
tance studies  and  the  need  for  further  development  of  interference  spec- 
trometers to  investigate  reflectance  properties  over  a  broad  portion  of 
the  spectrum  (UV  to  far  IR),  in  the  field. 

One  can  see  limitations  that  users  will  probably  have  to  live  with 
for  quite  :;ome  time  to  come.   It  is  an  approach  that  can  treat  a  problem 
on  a  rather  limited  area,  generally  covered  by  one  or  a  few  sets  of 
photos;  in  other  words  it  does  not  lend  itself  very  easily  to  problems 
involving  very  large  areas  as  it  would  be  expected  from  a  remote  sensing 
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method.  Another  limitation  is  created  by  the  fact  that  it  has  little  to 
offer  in  terms  of  automatic  interpretation  due,  in  good  part,  to  the 
projection  set-up,  the  discontinuity  of  the  separate  frames  and  the  lab- 
oratory processing  requiring  excellent  control. 

2.k     Multispectral  and  Infrared  Imagery 
Multispectral  remote  sensing  is  a  technique  by  which  sensing  is 
done  simultaneously  in  several  bands  of  the  electromagnetic  spectrum 
from  the  ultraviolet  to  the  infrared  and  microwave  range.   The  multi- 
spectral imagery  itself,  once  processed,  is  a  set  of  film  strips  shoving 
areas  of  different  gray  tones  related  to  the  various  energy  intensities 
that  are  recorded  for  each  band.   Or  it  can  be  a  set  of  magnetic  tapes 
on  which  is  recorded  the  energy  as  collected  by  the  detectors . 

Sensors  have  been  divided  in  two  classes;  active  and  passive.  The 
active  systems  send  a  signal  and  collect  the  returned  energy  from  the 
scene.  The  passive  systems  collect  the  "natural"  energy  irradiated 
(emitted  and/or  reflected)  by  the  materials  being  "sensed". 

Dr.  P, .  Hoffer  has  defined  remote  multispectral  sensing  in  the 
following  manner  [98] 

"Multispectral  remote  sensing  as  used  here  is  the  detection 
and  recording,  from  a  distant  or  remote  location,  of  reflected 
or  emitted  electromagnetic  radiation  in  many  discrete  relatively 
narrow  spectral  bands  between  Oo  micron  to  1^  microns  wave- 
length, and  also  in  radar  bands  from  0.86  to  3-0  cm." 

This  definition  applies  in  this  report  with  the  exception  of  the 
radar  imagery  which  was  not  available  for  this  project. 

The  basis  of  multispectral  remote  sensing  is  that  plants  and  mater- 
ials at  the  surface  of  the  earth  (or  any  planet  for  that  matter)  possess 
the  fundamental  property  of  reflecting  or  emitting  electromagnetic 
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energy  differentially  over  the  spectrum.   In  the  visible  range  this 
property  is  translated  by  the  color. 

This  property  seems  to  be  typical  of  each  material  and  is  due  to 
the  more  fundamental  properties  of  energy  absorption  and  surface  reflec- 
tance, all  of  which  depend  on  the  chemical  composition,  crystalline 
structure,  surface  texture,  moisture,  specific  surface  and  surface 
roughness.   For  the  present  purpose  the  spectral  properties  will  be 
divided  in  two  sections:   the  spectral  properties  in  the  visible  range 
and  near  infrared  and  the  emissivity  in  the  middle  and  far  infrared  (see 
Figure  9).   In  this  manner  it  is  valid  to  speak  of  reflectance  in  the 
visible  and  near  infrared  (O.k   to  1.0  micron)  and  of  emissivity  for  the 
range  3-5  to  1U.0  microns. 

In  the  visible  and  near  infrared  (also  called  reflectance  infrared), 
early  v;ork  on  reflectance  properties  of  materials  by  Krinov  showed  great 
promise  for  the  classification  of  materials  [119].   Further  research  on 
this  subject,  all  very  fundamental  to  both  multi spectral  photography  and 
imagery,  were  conducted  by  Ray  and  Fischer  [209],  Romanova  [2151,  Lyon 
[151,  152,  1531,  Lyon  et  al.  [15U],  Olson  et  al.  [1951  and  a  few  others, 

Ray  and  Fischer  measured  the  reflectance  of  some  rocks  (two  differ- 
ent sandstones,  one  limestone  ant'  one  red  shaly  siltstone)  with  a  Spec- 
tronic  20  colorimeter  with  color  analyser  reflectance  attachment,  to 
define  reflectance  differences  and  to  provide  a  better  selection  of 
filter  in  multispectral  photography  [209]. 

Romanova  [215]  also  reports  measurements  of  spectral  luminance 
(reflectance)  of  different  sands  and  rocks  and  their  indicatrices  of 
diffusion  (or  diffuse  reflection).  The  results  indicate  a  change  in 
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reflectance  as  the  overall  mineral  composition  changes.  From  Romanova's 
results  it  also  appears  that  diffused  reflection  predominates  over 
specular  or  direct  reflection,  thus  explaining  the  importance  of  surface 
texture  effects  [215,  p.  Ik]. 

Rib  notes  that  relatively  little  has  been  done  on  soils  in  terms  of 
reflectance  but  the  basic  different  reflectance  properties  for  the  dif- 
ferent classes  of  materials  is  sufficiently  evidenced  [211]. 

Other  researchers  worked  on  the  problem  of  reflectance  properties: 
Olson  et  al.  [195],  Schimpf  and  Aschenbremmer  and  also  Keegan  et  al. 
[in  211],  and  Lyon  and  Burns  [15U]. 

There  appears  to  be  some  problems  on  these  measurements.  They  are 
very  difficult  to  compare  because  the  researchers  did  not  use  the  same 
instrumentation,  not  to  mention  the  problems  of  field  measurements  versus 
laboratory  measurements,  the  latter  not  reproducing  all  the  field  con- 
ditions; namely  the  texture  phenomena  at  the  surface  of  the  ground.  All 
this  implies  that  more  research  is  needed  on  reflectance  studies,  most 
particularly  for  soils  and  rock  materials. 

Hoffer  has  reviewed  some  of  the  fundamental  questions  on  reflec- 
tance properties.  His  approach  is  related  to  plants  but  the  same  ques- 
tions would  apply  to  soils  and  rocks.  He  asked:   (l)  are  there  charac- 
teristic differences  in  reflectance  between  the  various  species  and  if 
so  at  what  wavelengths,  (2)  how  much  variation  in  spectral  reflectance 
exists  among  individual  leaves  sampled  within  a  field  and  (3)  how  much 
variation  within  a  sample?  [98]-  In  answer  to  this,  numerous  reflectance 
measurements  have  been  conducted  by  the  Laboratory  for  Agricultural 
Remote  Sensing  (LARS)  personnel  and  it  has  been  shown  that  there  is 
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little  variation  within  a  leaf  and  between  leaves  of  the  same  plant. 
There  is  a  significant  change  between  species  and  more  so  for  dry  leaves 
as  compared  to  green  leaves. 

In  order  to  answer  the  question  of  the  differences  possibly  occur- 
ring on  reflectance  between  field  conditions  and  laboratory  simulated 
conditions,  instrumentation  is  being  developed  at  LARS  to  obtain  the 
spectral  signature,  in  the  field,  of  earth  materials  and  plants,  over  a 
wide  range,  from  the  ultraviolet  to  the  far  infrared.  Already  such 
instrumentation  is  available  for  the  infrared  range  [127 J  and  in  the  very 
near  future,  further  instrument  modifications  will  permit  to  cover  the 
entire  range  desired  [see  also  153 ]• 

The  purpose  or  objectives  of  remote  multispectral  sensing  are  very 
diversified.  It  is  expected  that  in  the  near  future  it  will  help  solve 
some  of  the  data  collecting  problems  over  large  areas  in  such  fields  as 
the  environmental  sciences;  the  earth  sciences;  for  the  development  of 
natural  resources  and  for  various  types  of  surveys  involving  coverage  of 
large  areas.  Colwell  [55]  expects  such  techniques  to  be  used  by  the 
geologists,  soil  scientist,  forester,  agronomist,  wild  life  conservation- 
ist, the  hydrologist,  oceanographer,  sanitary  engineer  and  the  civil 
engineer.  Many  other  scientists  and  researchers  share  this  opinion  to 
various  extents.  At  the  present,  the  problems  are  more  to  present  the 
multispectral  imagery  in  a  useful  form  [105]  and  to  apply  the  multispec- 
tral imagery  to  the  engineer's  and  the  scientist's  needs. 

Leighty  et  al.  [139]  summarized  the  capabilities  of  this  approach 
in  general  terms . 

Becker  and  Lancaster  discussed  the  potential  use  of  remote  sensing 
in  engineering.  They  indicated  more  specifically  the  possible  uses  of 
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infrared  imagery.  Their  philosophy  is  that  it  would  be  a  very  helpful 
complement  to  airphotographs  and  other  means  of  collecting  engineering 
soils  data.   Infrared  imagery  would  be  most  useful,  it  seems,  in  relation 
to  problems  of  seepage,  drainage  and  the  like  [171- 

Rib  described  a  number  of  potential  uses  of  remote  sensing  to  the 
field  of  highway  engineering.   He  estimates  that  possible  uses  range  from 
the  early  planning  phases  of  route  selection,  traffic  surveys,  highway 
location  surveys,  land  use,  geology  and  soils  surveys,  drainage  studies, 
construction  materials  location  and  plans  for  boring  programs.  The 
problem  is  to  determine  what  sensor  should  be  used  under  a  set  of  given 
conditions  and  exactly  how  should  the  information  be  extracted  from  the 
remote  sensing  data  (either  photography  or  imagery  or  both)  and  how  this 
should  be  presented  and  displayed  in  a  practical  and  economical  manner. 

2.U1  Elements  of  Infrared  Physics:  A  Short  Review 
Figure  10  indicates  the  available  remote  sensing  methods  for  civil 
engineering  purposes.  The  aerial  photography  in  the  visible  and  the 
infrared  and  the  multi spectral  photography  have  been  the  subject  of 
previous  sections.  The  radar  imagery  has  been  ruled  out  for  this  type 
of  project.   The  multispectral  imagery  in  both  the  visible  and  the  infra- 
red, covering  the  region  from  0.3  to  14.0  microns  is  of  concern  in  this 
section,  and  more  precisely  the  8-lU  micron  infrared  band. 

Radiation  and  temperature  are  closely  related  and  matter  above  the 
temperature  of  absolute  zero  (-273  C)  will  radiate  some  energy  due  to 
its  molecules  moving  at  different  rates.   The  motion  of  molecules  in- 
creases in  amplitude  and  frequency  as  the  temperature  increases. 
If  the  distribution  of  numbers  of  moving  molecules  at  different 


57 


RADAR 
IMAGERY 

(.5  TO  130. CM) 

REMOTE     SENSING    METHODS 
FOR    CIVIL    ENGINEERING    PURPOSES 

MULTIBAND 
PHOTOGRAPHY 

(.3    TO  .9  p) 
AND 

IMAGERY 

(.3    TO   14.  p) 

INFRARED 
PHOTOGRAPHS 

(.7    TO   .9  p) 
AND 

IMAGERY 

(.8  TO    14.  p) 

RIAL 
DGRAPHS 

E    RANGE) 
TO  .7  p) 

AE 
PHOT( 

(VISIBL 
l  4 

UJ 

o 


58 


temperature  is  plotted  on  a  graph,  this  distribution  looks  like  a  set  of 
skewed  bell-shaped  curves  as  shown  on  Figure  11.  These  curves  show  that 
molecules  in  a  given  body  are  not  excited  at  the  same  degree,  but  most 
of  them  have  approximately  the  same  degree  of  thermal  agitation  indicated 
by  the  plots  of  the  bell- shaped  curves.  It  also  shows  that  this  is  true 
at  any  temperature,  but  more  so  at  higher  temperatures.  On  this  figure, 
the  degree  of  agitation  increases  from  right  to  left. 

Moving  molecules  are  for  all  practical  purposes,  like  oscillating 
electrical  charges  which  will  radiate  electromagnetic  energy.   Its 
distribution  will  correspond  to  the  molecular  agitation  distribution  and 
consequently  the  electromagnetic  energy  radiated  will  be  distributed 
over  a  wide  range  of  wavelengths.   Similar  to  the  molecular  agitation, 
the  radiated  energy  also  increases  with  an  increase  of  temperature,  and 
its  peak  is  also  shifted  to  the  left,  towards  shorter  wavelengths. 

Radiation  laws  describe  these  phenomena.   Lambert's  law  of  cosine 
states  that  the  radiant  energy  from  an  ideal  diffuse  radiator  is  propor- 
tional to  the  cosine  of  the  angle  from  the  normal  to  its  surface.   If  J, 
in  watts/ steradi an  is  the  radiant  intensity  in  a  given  direction  (also 
called  the  radiant  flux  per  unit  solid  angle,  dP/dft),  the  radiance  N  or 
radiant  intensity  emitted  per  unit  area  by  a  source  is  given  by  [115,  121] 

N  =  j/(dA  cos  9)  (2.1) 

where  dA  i:;  the  incremental  area,  9   is  the  angle  between  the  direction 
of  sight  and  the  normal. 

The  radiance  is  a  measure  of  the  brightness  of  the  source  and  is 
defined  in  terms  of  unit  area.   For  a  point  source  or  for  a  large  sight 
distance,  a  correction  has  to  be  made  and  thus  the  radiance  is  the 
intensity  per  unit  of  projected  area,  and 


59 


L±J 

cr 

< 

X 

a   Vjioiojo 

*       NOB10 


■"        II     II     II     II 
<D      5  OD  (i)  >»■ 


II  II  II  II 
<  m  (_>  o 


UJ 

> 
o: 

o 

z 
o 

< 

< 

tr 

> 
o 
o 

CD 

o 

< 

GQ 


UJ 

tr 


Noaoiw/(2wo/snvM)    Nouwava 


6o 


=  dAcos0  :   dA  dH  cos£  v  *  y 

where  the  units  for  K  are  in  watts/ cm  -steradian.  For  a  perfect  diffu- 
sor,  the  radiance  is  the  same  in  all  directions  (definition  of  a  Lambert 
surface)  and  N  is  a  constant  for  any  value  of  9.     In  this  manner,  the 
radiant  intensity  J  in  any  direction  is  given  by 

J  ■  NdAcos  9  (2.3) 

Knowing  that  the  radiant  emittance  W  equals  %  N,  and  applying  the  inverse 
square  law,  the  equation  for  the  radiant  intensity  of  a  given  surface 
will  be  equal  to 

WA  cos  9 


A2 


(2.M 


This  is  the  intensity  that  will  be  received  by  a  detector  at  a  distance 
d  from  the  surface  A,  which  indicates  that  this  intensity  decreases  as  a 
function  of  the  distance  squared;  for  instance,  an  aerial  scanner  in  an 
aircraft,  will  receive  four  times  less  energy  if  the  altitude  is  doubled. 

Kirchoff  studied  absorbed  and  emitted  radiation  and  compared 
blackened  and  silvered  surfaces.  In  1859*  he  concluded  that  high  absorp- 
tive objects  are  also  good  radiators.  For  imperfect  absorbers  and  radi- 
ators, the  ratio  of  energy  absorbed  by  an  object  to  the  energy  absorbed 
by  a  perfect  absorber,  at  the  same  temperature,  is  the  same  as  the  ratio 
of  emitted  energy  for  these  bodies. 

This  led  to  the  concept  of  a  blackbody:  an  object  that  absorbs  all 
incident  radiation  and  emits  all  the  energy  absorbed.  There  is  no  per- 
fect "blackbody"  in  nature. 
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A  description  of  the  radiation  from  natural  objects  must  include  a 
factor  which  indicates  how  good  a  blackbody  each  object  is.  This  factor 
is  called  "emissivity"  and  is  defined  as  the  ratio  of  the  radiation 
emitted  by  an  object  to  that  emitted  by  a  blackbody  at  the  same  tempera- 
ture. 

The  Ste fan-Bolt zmann  law  takes  its  name  from  the  two  men  who 
independantly  studied  emitted  radiation  phenomena.   Stefan  (l879),  after 
empirical  studies,  and  Boltzmann  (l88U),  after  theoretical  analysis, 
concluded  that  radiation  emitted  from  an  object  is  equal  to  the  product 
of  its  area  times  the  fourth  power  of  its  absolute  temperature,  times 
its  emissivity  and  times  a  constant  of  proportionality.   This  equation 
is 

W  =  eo  T  (2.5) 

where  W  =  radiant  flux  emitted  per  unit  area 
e  =  emissivity  (unity  for  a  blackbody) 
a  =   Stefan-Boltzmann  constant  =  5.67jxlO     watts  cm   K 
T  =  absolute  temperature  of  the  source  in   Kelvin 

Wien's  displacement  law  resulted  from  investigations  on  black- 
bodies.  Formulated  in  1898,  this  law  states  that  the  product  of  the  peak 
radiation  wavelength  (see  Figure  11),  and  the  absolute  temperature  is  a 
constant.   This  is  very  significant  and  indicates  that  the  radiation 
peak  is  displaced  to  shorter  wavelengths  as  the  temperature  increases. 
On  Figure  11,  a  graphical  representation  of  Wien's  law  would  be  given  by 
joining  the  maximum  temperature  points  for  each  curve.  The  mathematical 
expression  of  Wien's  law  is: 

\m  =  b/T  (2.6) 
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where  X.m  Is  the  wavelength  (microns)  of  maximum  radiation. 

b  is  Wien  displacement  constant  =  2897  microns  Kelvin. 

T  is  the  absolute  temperature  in  Kelvin. 
Planck's  radiation  equation  resulted  from  his  investigations  of  the 
atomic  oscillations  in  materials  and  of  the  statistical  distributions  of 
energies  among  various  degrees  of  atomic  freedom.   Indications  given  by 
Wien's  law  and  Stefan-Boltzmann  law,  in  addition  to  his  experiments, 
indicated  the  possibility  of  describing  the  blackbody  radiation  curves 
by  a  mathematical  equation.   He  reached  the  conclusion  that  the  inter- 
change of  radiant  energy  between  two  bodies  was  not  a  continuous  process 
but  that  it  was  taking  place  because  of  distinct  units  of  energy  called 
"quanta"  which  are  equal  to  the  product  of  the  frequency  times  a  con- 
stant called  Planck's  constant.  His  final  solution  for  blackbody  radi- 
ation is  formulated  by: 


\  -   Cl  k'5 


c  At 

(2.7) 


r 


where  W.  =  radiant  flux  emitted  per  unit  area  per  unit  increment  of 

A. 

wavelength;  watts/cm  /micron. 
\  =  wavelength  in  microns 
e  =  2.71828 
T  =  absolute  temperature  in  K 

C,  =  2rt  c2h  =  3- 7^0  x  10" 12  watts  cm2. 

C2  =  hc/k  =  I.U38  cm°K 
c  =  velocity  of  light  (2.99793  x  10   cm/sec) 
h  =  Planck's  constant  (6.6252  x  10    watt  sec  ) 
k  =  Boltzmann's  constant  (1.380^2  x  10~  J   watt  sec/°K) 
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These  equations  are  fundamental  to  the  understanding  of  infrared 
radiation  measurements. 

For  better  understanding  of  the  radiation  phenomena  at  the  surface 
of  the  ground,  let  us  consider  the  sun  as  a  source  of  radiation  and  the 
phenomena  taking  place  along  the  path  before  it  reaches  the  ground. 

Atmospheric  absorption  phenomena  will  considerably  alter  the  radi- 
ation from  the  sun.   If  we  apply  Wien's  Law  to  the  sun's  temperature  of 
6000  K,  we  will  find  a  peak  radiation  wavelength  at  O.U82  micron.   On 
Figure  11,  this  peak  radiation  wavelength  would  occur  to  the  extreme 
left  of  the  figure.   On  the  other  hand,  for  an  estimated  ground  temper- 
ature of  288  K  (15  Celsius)  the  peak  would  be  very  close  to  10  microns; 
of  course  the  total  radiation  (surface  under  the  domed  curve)  is  con- 
siderably reduced.  Figure  11  shows  intermediate  temperatures  between 
these  extremes. 

When  considering  what  happens  to  the  sun's  radiation  as  it  passes 
through  the  atmosphere,  one  notices  that  besides  the  fact  its  intensity 
is  considerably  reduced,  the  radiation  is  absorbed  preferentially.  The 
atmospheric  gases  absorb  the  sun's  energy  at  characteristic  wavelengths 
or  wavelength  ranges . 

Figure  12  is  a  graphical  representation  of  this  absorption  phenomena. 
Thus,  instead  of  having  a  bell-shaped  smooth  continuous  curve  of  solar 
radiation  with  its  peak  at  O.lj-82  micron,  we  have  an  irregular  curve,  each 
of  the  lows  corresponding  to  an  absorption  band.  The  highs  correspond  to 
high  transmission  bands,  or  most  often  are  referred  to  as  "windows"  in 
the  spectrum. 
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The  earth's  atmosphere  thus  absorbs  at  specific  wavelength  according 
to  the  gases  it  contains;  principally  water  vapor,  ozone  (07)  and  carbon 
dioxide.  Depending  upon  factors  like  the  path  length,  the  precipi table 
water  vapor,  the  overall  weather,  the  altitude,  the  concentration  and 
size  of  aerosols,  the  atmospheric  transmission,  the  absorption  will 
vary  greatly.  This  has  been  investigated  by  several  climatologists, 
meteorologists  and  other  scientists.  Yates  and  Taylor  [appendix  of  1071 
have  studied  some  of  these  variables  and  prepared  numerous  atmospheric 
transmission  spectra  from  0.5  to  15.0  microns.  These  atmospheric  condi- 
tions are  important  not  only  in  the  design  of  infrared  detectors  for 
aerial  surveys,  but  also  for  flight  planning  and  interpretation  of  the 
imagery.  For  this  reason  some  of  Yates  and  Taylor's  curves  were  combined 
in  order  to  present  the  results  in  a  more  useful  manner. 

Figure  13  is  a  composite  of  transmission  curves  which  indicates  a 
reduction  in  both  the  visible  range  and  infrared  range,  as  the  amount  of 
precipitable  water  increases. 

Figure  11+  shows  similar  absorption  phenomena  for  the  infrared  range, 
in  the  case  of  a  longer  path,  but  not  in  the  visible.  The  daylight 
visual  range  seems  to  be  of  greater  use  in  defining  transmission  in  the 
visible  than  the  precipitable  water  vapor. 

Figure  15  indicates  that  for  similar  amounts  of  precipitable  water 
vapor,  the  path  length  reduces  the  percent  transmission  in  both  ranges. 
This  is  also  the  case  for  two  different  altitudes  as  is  shown  on  Figure 
l6.  The  percent  transmission  at  high  altitude  is  increased,  all  ether 
conditions  being  kept  relatively  similar  (compare  Figure  15-a  and  l6-a). 


66 


(a) 


100 


10  1.2  1.4 

WAVELENGTH  (MICRONS) 


P  100 


60 


tempature  37  °F.;   relative  humidity  62% 
precipitable  water  vapor   0.1 1  cm. 
daylight  visual  range    22  miles 

tempature    79°  F 

precipitable  water  vapor  0.57  cm. 

daylight  visual  range     - 


(b) 


8.0  10.0  12.0 

WAVELENGTH  (MICRONS) 


14.0 


MODIFIED  AFTER  HOLTER   ET  AL    1962 


FIGURE  13  ATMOSPHERIC  TRANSMISSION  FOR  A  1000  FOOT 
PATH  AT  SEA  LEVEL,  AS  AFFECTED  BY  WATER 
VAPOR. 
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MODIFIED  AFTER  H0LTER  ET  AL  1962 


FIGURE    14      ATMOSPHERIC  TRANSMISSION   FOR  A  10.1  MILE 
PATH  AT  SEA  LEVEL,  AS  AFFECTED  BY  WATER 
VAPOR. 
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MODIFIED  AFTER  HOLTER  ET  AL.I962 


FIGURE    15        ATMOSPHERIC    TRANSMISSION    FOR  TWO 
DIFFERENT   PATH   LENGTHS  AT  SEA 
LEVEL. 
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FIGURE  16        ATMOSPHERIC  TRANSMISSION  FOR  TWO 

DIFFERENT  PATH  LENGTHS  AT  TWO  ALTITUDES. 
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Scattering  phenomena  by  particles  in  the  atmosphere  will  also  alter 
the  sun's  radiation  as  it  reaches  the  ground.   Scattering  phenomena  are 
a  function  of  the  wavelength,  the  size  and  concentration  of  particles 
(aerosols)  and  also  on  their  energy  level. 

Rayleigh  and  Mie  scattering  phenomena  are  described  in  physics  and 
meteorology  textbooks  [121,  190].  They  were  reviewed  by  Rib  [211] « 
Nonselective  scattering  occurs  for  larger  particles  (greater  than  10\ ) 
and  all  colors  scatter  equally  well,  thus  producing  white  appearance  as 
for  clouds.  Water  vapor  and  in  certain  cases  smoke  and  dust  may  produce 
nonselective  scattering.   Generally  the  practice  is  to  measure  the  amount 
of  precipitable  water  vapor  in  a  path  length  and  refer  to  tables  to  find 
the  transmission  of  the  path,  and  neglect  the  effect  of  smoke  and  dust. 
The  important  factors  here  are  the  diameter  and  the  density  of  the 
particles. 

Other  factors  relative  to  the  atmosphere  and  its  influence  on  wave- 
lengths are  treated  in  textbooks  on  atmospheric  physics  and  meteorology. 
They  will  not  be  further  discussed  here  but  some  should  be  listed  because 
of  their  importance:   atmospheric  turbulence  and  thermal  currents,  atmos- 
pheric refraction  and  contrast  attenuation  of  the  scene,  path  luminance 
as  a  function  of  viewing  angle,  energy  balance  at  the  earth- atmosphere 
boundary,  and  soil  conductivity  [220,  190,  115,  107]. 
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2A2  Multi spectral  Aerial  Scanning  Equipment  and  Sensors 
This  section  is  devoted  to  a  brief  description  of  the  aerial  scanning 
equipment  available  today  and  generalities  on  how  the  data  is  collected. 
The  principal  types  of  aerial  scanners  available  today  are:  The  Bendix 
Thermal  Mapper  [32],  The  HRB-Singer  Reconofax  Scanner  [92,  92],  and  the 
PROJECT  MICHIGAN  Multichannel  Scanner  [105-a]. 

These  instruments  are  essentially  based  on  the  same  principle  and 
they  use  the  same  method  of  object-plane  scanning  [107].  This  technique 
is  illustrated  on  Figure  17.  It  shows  a  conceptual  view  of  a  scanner  in 
an  aircraft  flying  over  an  area  and  covering  the  scene  in  a  series  of 
parallel  strips.  The  scanning  mirror  rotates  inside  the  aircraft  and 
looks  at  the  scene  from  right  to  left  or  from  *a'  to  'b'.  The  surface 
'cdef  is  called  the  Inetanteneous  Field  of  View  (IFOV)  or  resolution 
patch  and  its  size  is  controlled  by  the  optics  of  the  system  and  the 
size  of  the  detector.  The  forward  motion  of  the  aircraft  allows  the 
rotating  mirror  to  advance  and  produce  a  raster  covering  a  swath  of 
ground.  The  geometry,  the  mirror  rotation  speed  and  the  speed  of  the 
aircraft  are  inter- related. 

The  width  of  the  scan  strip  is  directly  proportional  to  the  altitude 
of  the  aircraft  above  terrain  and  to  the  IFOV.  For  a  complete  coverage 
of  the  area,  the  minimum  line  scan  rate  is  inversely  proportional  to  the 
altitude  and  the  angular  field  of  view.  It  is  directly  proportional  to 
the  ground  speed,  if  a  linear  repetitive  scan  is  assumed  [93] • 


n  - 
ha 


(2.8) 


where  n  ■  line  scan  rate  (in  lines  per  sec) 
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FIGURE   17.    SCHEMATIC      VIEW     OF     SCANNING     PATH. 
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v  ■  ground  speed  (in  feet/sec) 
h  =  altitude  of  aircraft  (in  feet) 

a  ■  instantaneous  angular  field  of  view  (in  radians) 
The  number  of  consecutive  elements  scanned  per  second  is  given  by 

N  ■  pn/a  D  (2.9) 

where  N  =  scanned  elements  per  second 

(3  ■  total  angular  field  of  view  (radians) 
D  =  line  scan  duty 
If  the  aircraft  speed  is  such  that  the  scan  lines  do  not  touch  each 
other  this  produces  an  underlap  condition.  If  the  scan  lines  superim- 
pose, the  aircraft  is  going  too  slow  and  this  produces  an  overlap  con- 
dition. It  is  the  general  practice  to  have  the  scan  lines  slightly  over- 
lapping when  imaging  the  data.  There  is  always  some  overlap  towards 
each  end  of  the  scan  lines,  because  the  geometry  is  not  as  simple  as 
implied  above:  in  other  words,  the  value  of  h  varies  with  the  sight 
angle. 

The  scanner  rotation  rates,  geometry  and  operation  requirements  are 
explained  in  Holter  et  al.  [107].  General  information  on  scanner 
geometry  and  design  considerations  can  be  obtained  from  the  following 
references:   [106,  108,  235,  97,  189,  104], 

When  the  aircraft  flies  over  an  area  and  the  optical-mechanical 
scanner  is  operating,  the  radiation  from  the  scene  is  collected  by  the 
optical  system  composed  of  the  rotating  mirror  (see  Figure  18)  and  by  a 
Cassegrainian  optical  set  of  mirrors  which  converge  the  radiation  onto 
what  is  illustrated  as  a  mirror-grating  assemblage.  This  is  where  the 
infrared  radiation  is  separated  from  the  visible.  The  visible  portion 
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is  further  divided  into  narrow  bands  of  the  spectrum.   Each  band  of 
interest  is  collected  through  an  optic- fiber  bundle  in  front  of  a  photo- 
multiplier  tube  which  produces  an  electrical  signal.   This  signal  is 
recorded  on  a  magnetic  tape  in  the  case  of  the  Michigan  scanner.   The 
system  is  comparable  to  a  regular  scanner  for  which  the  normal  single 
detector  has  been  replaced  by  a  spectrometer  slit,  thus  permitting  to 
collect  "multiband"  data. 

The  infrared  radiation  in  the  Michigan  scanner  is  processed  in  a 
somewhat  similar  manner,  except  that  the  detectors  are  not  photo- 
multiplier  tubes  but  are  semiconductors  generally  referred  to  as  thermal 
sensors.  The  Michigan  scanner  normally  collects  information  in  18 
possible  narrow  bands.  In  fact,  the  scanner  uses  four  heads  as  the  one 
shown  on  Figure  l8.  Each  of  these  four  apertures  collects  the  informa- 
tion as  follows:  one  channel  in  the  ultraviolet  (UV);  twelve  channels 
in  the  visible;  four  channels  in  the  near-to-middle  infrared;  one  channel 
in  the  far  infrared  [132].   For  this  project,  only  15  bands  were  used; 
3  bands  in  the  infrared  region  were  not  operative. 

Ultraviolet  0.32  -  O.38  micron    Visible  O.58  -  O.62  micron 
Visible  0.1+0  -  0.1+4  0.62  -  0.66 

0.1+1+  -  0.1+6  0.66  -  0.72 

0.1+6  -  0.1+8  0.72  -  0.80 

0.1+8  -  0.50  0.80  -  1.0 

0.50  -  0.52  Infrared  1+.5  -  5-5  microns 
0.52  -  0.55  Infrared  8.0  -13-5  microns 
0.55  -  0.58 

The  Bendix  Thermal  Mapper  is  described  by  Blythe  [32]  and  Blythe 

and  Kurath  [33].  It  produces  imagery  in  the  3-5  to  5-5  micron  region 

and  uses  an  InSb  detector.  It  is  a  relatively  light  instrument  that 

uses  a  glow  tube  to  expose  a  70  mm.  strip  film  as  the  radiation  is 

collected  [971.  This  scanner  is  not  classified  and  is  available  on  the 
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market.  A  version  sensitive  in  the  8-lU  micron  band  is  also  available. 

The  HRB-Singer  Feconofax  scanner  takes  imagery  in  two  different 
bands,  one  at  a  time.  It  uses  either  a  InSb  sensor  for  the  U.5  to  5.5 
micron  band  or  a  Ge:Hg  sensor  for  the  &-lk   micron  band.   Imagery  is 
produced  by  a  glow  tube  on  TO  mm.  film  strip  [93.  97].   There  is  an 
advantage  to  this  system  in  that  it  produces  imagery  in  real  time  or 
very  close.  The  U.S.  Forest  Service  uses  the  system  with  a  film  strip 
and/or  Polaroid  prints  and  drops  these  to  the  fire  bosses  through  a 
specially  designed  drop  tube  ejector.  The  information  is  delivered  in 
1  hr.  kO  min.,  from  the  first  imagery  run  to  the  completed  map,  allowing 
one  hour  for  the  flight  and  kO   minutes  for  the  information  to  be  trans- 
ferred onto  a  map.   This  is  not  a  classified  instrument  and  it  is  avail- 
able commercially. 

The  Project  Michigan  scanner  data  is  recorded  in  a  different  manner. 
Figure  19  is  a  conceptual  view  of  what  is  done  to  the  information  once 
it  is  collected  on  the  magnetic  tape.  The  analog  tape  can  be  processed 
in  different  ways.  This  figure  shows  the  two  possibilities  used  in  this 
project.  The  upper  part  of  the  figure  indicates  what  happens  when  the 
tape  information  is  displayed  through  a  cathode  ray  tube  (CRT)  and  is 
exposed  on  a  film  strip  through  an  appropriate  set  of  lenses.  This 
method  is  also  illustrated  on  Figure  20.   It  shows  the  in-flight  record- 
ing method  which  is  essentially  what  was  used  for  the  film  strips 
obtained  for  this  project. 

The  analog  information  on  the  tape  has  many  advantages.   It  is  a 
near-real-time  method  and  it  can  be  used  for  investigating  the  problems 
of  optimum  control  and  presentation  of  scanner  video  data  on  film  strips . 
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By  sophisticated  techniques  and  successive  play  backs,  the  imagery  can 
be  selectively  enhanced  by  using  either  filters,  differentiating  networks, 
high  frequency  boosting  and  delay  lines  or  combinations  of  these.  England 
and  Morgan  [72]  refer  to  the  C-Gate  technique  where  the  signal  is  quanti- 
tatively compared  with  a  simultaneous  radiometric  measurement  line-trace 
and  a  densitometer  trace  along  a  corresponding  part  of  the  final  output 
film.  This  research  may  result  in  a  more  accurate  method  for  future 
quantitative  approach  to  the  problem  of  scanner  imagery  display. 

The  second  method  of  displaying  the  imagery  is  as  shown  on  the 
lower  part  of  Figure  19 •  The  analog  tape  is  converted  to  a  digital  tape 
and  the  data  is  reformated  [127].  Each  scan  line  is  given  a  line  number 
and  is  divided  into  221  columns.   This  is  done  for  locating  information 
during  computations  and  also  for  reading  the  computer  printouts. 

After  the  analog  to  digital  conversion  the  resulting  tape  can  be 
used  directly  for  imagery  classification  by  the  use  of  the  LARS  computer 
system  programs.  This  method  will  be  further  described  in  Chapter  5, 
when  presenting  the  results  of  automatic  classification  [125,  127,  237, 
123,  12U,  126]. 

Returning  to  the  detectors  and  the  variables  affecting  the  multi- 
spectral  data  collection,  it  was  said  that  the  radiation  from  the  scene 
in  the  visible  range,  is  collected  in  a  more  or  less  conventional  way  by 
photomultiplier  tubes,  but  the  infrared  radiation  is  not.  Special 
infrared  sensors  of  various  types  are  used  for  this  purpose.   Figure  21 
indicates  some  of  the  possible  thermal  sensors  generally  used  for  either 
airborne  surveillance  or  for  field  data  collection  (ground  truth).   The 
sensors  being  discussed  here  are  the  ones  used  in  the  multispectral 
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infrared  imagery  (see  second  box  from  the  left). 

In  the  range  of  thermal  infrared  the  airborne  sensors  use  special 
detectors  which  are  for  practical  purposes  semiconductors  used  as  trans- 
ducers of  the  infrared  radiation.  These  detectors  are  generally  cooled 
off  at  low  temperatures  to  increase  their  "detectivity" .   Figure  2?  shows 
the  characteristic  detectivity  curves  of  some  detectors.  The  tendency 
is  to  use  the  InSb  detector  for  the  2.0-5-0  micron  range,  and  the  Ge:Hg 
detector  for  the  8-llj-  micron  region. 

It  is  important,  in  order  to  interpret   the  imagery  from  these 
detectors  in  a  coherent  manner,  to  know  what  factors  may  influence  the 
imagery  collection.  The  factors  involved  are  related  to  (l)  the  detector 
used  and  its  characteristics,  (2)  the  scanner  operation  and  its  design, 
(3)  the  radiation  source  and  properties,  (k)   the  meteorological  condi- 
tions prevailing  at  the  time  of  the  mission. 

The  detector  characteristics  are  described  by  Holter  et  al  [107] • 
They  include : 

1  -  the  responsivity  level  and  spectral  responsivity 

2  -  the  internal  detector  noise  level 

3  -  the  response  time  (time  constant) 
k   -  the  dynamic  range 

5  -  the  stability  or  ability  to  hold  calibration 

6  -  the  size  and  shape 

7  -  engineering  advantages  (simplicity,  cost,  uniformity  of 

production,  shelf  life). 
Of  all  these,  the  most  important  characteristics  are  the  size  of 
the  detector,  its  time  constant  and  the  response  bandwidth.   A  simple 
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THEORETICAL   PEAK   D*  FOR  BACKGROUND  LIMITED 
CONDITION   OF   300°K,   180°  FIELD  OF  VIEW 
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WAVELENGTH  (MICRONS) 


30       40     50 


MODIFIED  AFTER  HOLTER  ET  AL    1962 


FIGURE    22      DETECTIVITY  D*  OF  SOME  INFRARED  DETECTORS, 
IN  THE  BACKGROUND  NOISE-LIMITED  CASE. 
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conventional  way  of  rating  detectors  is  the  Noise  Equivalent  Power  (NEP) 
detector  classification  scheme.   This  is  to  establish  comparisons  between 
detectors  as  a  function  of  their  properties  and  the  operating  conditions. 
Three  different  detectors  are  compared  on  that  basis  in  Figure  23,  for 
different  signal-to-noise  ratios  [733 •   This  figure  indicates  that 
depending  upon  the  scene  temperature  a  certain  detector  may  be  more 
desirable.  For  instance,  in  forest  fire  detection,  in  v/hich  case  the 
temperatures  are  such  that  the  peak  wavelength  is  shifted  from  the 
normal  8-llj-  region  to  the  2-6  micron  region,  a  Indium  antimonide  (inSb) 
detector  would  be  preferable. 

The  meteorological  conditions  prevailing  are  also  important.  High 
velocity  winds  would  tend  to  destroy  the  temperature  differences  over 
the  scene  in  cooling  off  all  its  components.  The  influence  of  haze  and 
particularly  fog  is  considerable.  Figure  2^  illustrates  how  the  trans- 
mission coefficient  is  decreased  as  the  visibility  decreases.  It  suggest: 
that  unless  the  visibility  is  in  the  order  of  20  miles  or  more,  the 
infrared  mission  results  can  be  hampered  considerably.  This  is  also 
illustrated  in  Figures  25  and  26  for  different  regions  in  the  spectrum 
and  for  different  sensors.  These  results  adapted  from  Feder  [73]  are 
shown  here  for  the  purpose  of  indicating  the  importance  of  weather  con- 
ditions for  infrared  missions. 

The  geometry  distortion  introduced  in  the  imagery  at  the  time  of 
scanning  is  an  important  consideration.  Figure  27  shows  an  example  of 
what  is  meant  by  distortion.  Notice  that  the  central  two  thirds  of  the 
resultant  imagery  is  nearly  distortion-free.  It  is  only  on  the  extreme 
edges  that  shapes  are  really  deformed  beyond  recognition.  Depending 
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FIGURE    23.    SIGNAL-TO-NOISE   AS  A   FUNCTION  OF  WAVELENGTH 
FOR  A  300* K    BLACK  BODY.  AT=|2C  FOR  ATMOSPHERE 
CONTAINING  17 MM  OF  PREGIPITABLE   WATER  AND 
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VISIBILITY        (IN    NAUTICAL     MILES)    (V) 

FIGURE    24.   TRANSMISSION   COEFFICIENT   VERSUS    VISIBILITY 
THROUGH  FOG   FOR  THE  INFRARED  SPECTRUM 
OVER  A  ONE   NAUTICAL  MILE    PATH. 
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ADAPTED     FROM      FEDER     1962 
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MILLIMETERS   OF  PRECIPITABLE   WATER 

FIGURE    25.    AVERAGE  TRANSMISSION    COEFFICIENTS    AS    A 
FUNCTION  OF  WATER  VAPOR   FOR  DIFFERENT 
REGIONS  OF  THE   SPECTRUM. 
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ADAPTED      FROM      FEDER      1962 


VISIBILITY      (NAUTICAL       MILES) 

FIGURE    26.   SIGNAL-TO-NOISE   RATIOS    OF  INFRARED  SYSTEMS 
AS  A  FUNCTION  OF  THE  TRANSMISSABILITY   OF  A 
ONE  NAUTICAL  MILE   PATH  OF  THICK  FOG. 
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N' 

assumed  fiat 
n-n'=  nadir  line 


Resultant  geometry  distortion 


ADAPTED      FROM      LATMAN      ET     AL.,  1965 


FIGURE   27  GEOMETRIC 
DISTORTION  DUE  TO  SCALE  COMPRESSION 
ON  THE    MULTISPECTRAL   IMAGERY 


87 


upon  the  use  of  the  imagery  this  distortion  may  be  critical  but  if  the 
intensity  of  the  response  is  to  be  used  only,  then  the  distortion  is  of 
secondary  importance. 

This  distortion  is  due  to  the  fact  that  for  the  scanner,  the  sngu- 
lar  resolution  is  constant  but  the  linear  ground  resolution  is  not.  It 
varies  as  the  angle  of  view  increases  away  from  the  vertical.   Figure  28 
shows  how  the  resolution  element  is  distorted  and  enlarged  away  from  the 
vertical.  If  9   is  the  angle  away  from  the  vertical,  if  a  is  the  length 
of  the  IFOV  in  the  direction  of  flight  and  r  is  the  distance  from  the 
scanner  to  the  ground  at  any  instant,  then  a  =  ra,  r  =  h  sec  9   and 
a  =  oh  sec  9.     The  other  dimension  of  the  IFOV  will  vary  in  the  following 
manner  (see  lower  part  of  Figure  28)  [107»  641 

tan*  +   tan0 


S0  3  h  tan  (3f4>)  =   h  . 

2  v  1  -  tan<t>  tantf 

o         u  +  fa  ±\  u  tan9  -  tan* 

S,    =   h  tan  (8-<t>)  =  h — .    ,      a 

1                              '  1  +   tan*  tan9 


For   small  angles,    tan  *  ~  <t>   and 

q     ~  h   -  *   tan9 
2  1-0  tanl? 

c     ~  h  tang  -   <t> 
1  T"+   *  tan-9 


thus, 


b  =  S„  -  S,    -  2M  1  +   tan2 


2  1        ~"   .         .2    .      2fl 

1  -  <t>     tan  9 

For  9  <  85    ,   tanQ  is   about  10.      For  <t>  of  about  10_J   radian,    *     tan  9  can 

thus  be  neglected  and  the  expression  becomes 

b  =  ha(l  +  tan29)  =  ha  sec20 

In  summary,  the  two  dimensions  of  the  IFOV  vary  as 
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(b) 


MODIFIED  AFTER  HOLTER  ET  AL.  1962 


FIGURE    28      INSTANTANEOUS  FIELD  OF  VIEW  VARIATION. 
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a  =  ha  sec  9 
and  b  *  ha  sec  9 

Another  consideration  has  to  be  made  at  this  point.  The  processing 
or  imaging  of  the  data  for  the  Michigan  scanner  is  not  a  real  time 
process.  Although  tape  recorded  signals  are  proportional  to  detector 
output  voltage  and  the  detector  itself  is  a  linear  transducer  from  input 
flux  intensity  to  output  voltage,  further  amplification  and  recording 
(imaging)  in  the  scanner  system  may  introduce  nonlinear! ties  (see  Figure 
20). 

The  mode  and  delay  which  are  used  in  processing  the  signal  for  pro- 
ducing imagery  is  quite  significant  in  terms  of  contrast  and  sharpness 
of  details.  Figure  29  indicates  some  results  of  different  waveforms  [70], 

Figure  29  indicates  the  influence  for  different  waveform  variations 
on  the  reproduction  of  an  original  square  wave  signal.  By  an  appropriate 
combination  of  electronic  processing  the  original  signal  is  reproduced 
with  greater  fidelity;  for  instance,  by  addition  of  a  differentiated  AM 
signal  delayed  25n  sec.  (B)  and  a  differentiated  inverted  AM  signal 
delayed  lOu  sec.  (C)  a  composite  waveform  (D)  is  obtained.  Additional 
boosting  effect  of  an  FM  signal  produces  the  F  waveform.  By  increasing 
the  FM  signal  somewhat  more,  waveform  G  is  produced  and  is  nearly  equiv- 
alent to  the  original  square  wave  before  recording.  This  is  shown  to 
draw  attention  to  the  importance  of  signal  processing  and  all  the  enhance- 
ment techniques  available,  that  not  only  improve  the  imagery  but  in  many- 
cases  may  increase  its  significance.  It  is  not  possible  to  determine 
the  enhancement  characteristics  of  the  imagery  obtained  for  this  project. 
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SQUARE  WAVE   BEFORE  RECORDING 

DIFFERENTIATED    AM   DELAYED  25  MSEC. 

DIFFERENTIATED    AM   INVERTED 
AND  DELAYED  10  MSEC. 


\/^—  RESULTANT  OF  B  AND  C   WITHOUT   FM 


FM    ONLY 


F  RESULTANT  OF   B  AND  C  WITH  FM    ADDED 


RESULTANT    OF  B,C,ANDE 
WITH  FM  AMPLITUDE  INCREASED 

ADAPTED      FROM     ENGLAND  ,  G,  1962 


FIGURE    29.     RESULTS     OF     WAVEFORM     VARIATIONS     ON 
CONTRAST     AND     SHARPNESS    OF     IMAGERY 
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2. 1*3  Imagery  Interpretation  Methods 
There  are  several  ways  in  which  imagery  interpretation  can  be  con- 
ducted. Figure  30  was  prepared  to  show  the  techniques  reported  in  the 
literature.  It  is  divided  in  two  main  sections:  the  left  one  refers  to 
conventional  photo-interpretation  techniques  as  they  are  generally 
applied  to  aerial  photographs;  the  right  one  indicates  some  of  the  most 
recent  automatic  and  semi-automatic  approaches. 

The  technique  of  interpretation  for  aerial  photographs  is  the 
approach  most  used  to  interpret  infrared  and  multiband  imagery,  especial- 
ly when  only  one,  two  or  a  small  number  of  imagery  bands  are  obtained. 
It  is  a  qualitative  approach  and  in  certain  cases  is  definitely  the  best 
approach  (for  instance  forest  fire  detection  on  infrared  imagery). 
Colwell  [53]  speaks  of  two  schools  of  thought:  one  that  considers  the 
imagery  as  a  photo-like  image  which  requires  highly  subjective  interpre- 
tation by  a  human  analyst.  The  analyst  must  have  the  ability— "to 
apply  obscure  logic,  far  beyond  any  present  machine  capabilities."  The 
second  school  maintains  that  recognition  of  an  object  from  a  photo-like 
image  is  done  by  observing  its  size,  shape,  shadow,  tone  and  texture  and 
other  characteristics  such  as  relative  position.  All  of  which,  it  is 
maintained  can  be  adequately  determined  by  a  machine. 

It  might  be  useful  here  to  point  out  some  distinctions  that  have  to 
be  made.  One  is  on  the  content  of  the  interpretation.  If  only  discrete 
objects,  as  is  suggested  here  for  the  second  school  of  thought,  are  to 
be  identified,  the  problem  is  quite  different  than  for  a  complete  cover- 
age of  the  entire  content  of  either  the  photo  or  piece  of  imagery,  as  it 
would  be  for  mapping  soils. 
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A  second  distinction  should  be  made  concerning  "mono  band"  imagery 
(that  is  imagery  obtained  in  one  single  discrete  band  of  the  spectrum, 
as  is  generally  the  case  for  infrared  imagery  from  thermal  scanner,  or 
radar  imagery)  and  multiband  imagery  for  which  up  to  15»  even  18  distinct 
film  strips  are  obtained.  No  need  to  emphasize  the  difference  in  amount 
of  data  that  has  to  be  "looked  at"  in  15  different  bands. 

Thirdly,  the  purpose  followed  during  the  interpretation  vail  have 
much  consequence  on  how  the  interpretation  is  to  be  done.  If  it  is  for 
enhancement  as  opposed  to  simple  delineation  of  "similar"  areas,  or  if 
it  is  for  automatic  classification  and  for  automatic  interpretation, 
there  will  be  as  many  approaches  entirely  different  from  one  another  and 
each  being  just  as  justified  and  valid  as  the  other,  due  simply  to  the 
purpose  followed.  It  will  become  evident  in  the  case  of  multispectral 
imagery,  for  instance,  that  a  human  cannot  "handle"  fruitfully  interpre- 
tation of  more  than  k   to  6  different  bands,  visually. 

The  standard  photo-interpretation  approach  is  the  most  common 
approach  to  infrared  imagery  interpretation  and  multispectral  imagery  as 
well.  It  is  quite  valid  in  terms  of  time  and  money  but  has  definite 
limitation  in  terms  of  the  total  information  that  can  be  visually 
extracted. 

Several  good  examples  of  imagery  interpretation  following  this 
approach  are  found  in  the  literature.  They  tend  to  chow  that  each 
mission  has  its  own  relevant  examples  and  its  own  specific  points  [32, 
33,  193.  196,  258].   From  these  cases,  it  appears  that  two  problems 
occur:  one  is  the  geometry  distortion  at  the  edges  of  the  imagery,  the 
second  is  the  background  of  certain  imagery  interpreters  who  accede  to 
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imagery  interpretation  sometimes  without  the  slightest  idea  of  what 
photo-interpretation  techniques  are.  The  first  problem  may  be  overcome 
by  simply  trying  to  live  with  the  more  useful  central  portion  of  the 
imagery  strips  or  to  wait  until  instruments  are  developed  that  will 
permit  to  correct  for  the  geometry  distortion,  at  the  time  of  imaging 
the  film  strip  [Hi].   The  second  problem  is  more  critical.  Photo- 
interpretation  cannot  be  learned  quickly  and  efficiently  in  a  short  time. 
One  could  summarize  by  saying  that  photo-interpretation  is — experience, 
experience,  experience.   Even  this  does  not  help  the  beginner.   It  is  by 
timely  and  efficient  papers  on  the  methodology  of  photo-interpretation, 
and  also  by  short  courses  and  seminars  aimed  at  the  need,  that  the  situ- 
ation may  eventually  be  corrected  [ll6]. 

Another  approach  is  the  densitometric  analysis  (extreme  left  and 
central  lower  right  sections  of  Figure  JO).  This  approach  has  been  used 
in  several  cases  of  quantitative  photo  interpretation  attempts  [211]. 
This  is  an  approach  suggested  for  instance  by  Chaves  et  al.  [H3,  hk] . 
It  never  quite  performed  as  well  as  anticipated.  In  the  case  of  multi- 
Frpectral  and  particularly  thermal  infrared  imagery,  the  densitometric 
approach  may  yield  interesting  results  in  terms  of  calibration  of  the 
imagery  against  field  temperature  information  [133,  1H6,  256]. 

It  is  to  be  noted  on  Figure  30,  that  all  the  interpretation  tech- 
niques are  based  on  some  kind  of  pattern  recognition.  Dealing  with  the 
upper  right  portion  of  Figure  30,  where  four  different  methods  are  listed 
with  possibility  for  others,  it  must  be  said  that  they  generally  rely 
very  little  if  at  all  on  standard  photo-interpretation.   In  fact  the 
final  product  may  be  so  altered  that  it  is  beyond  all  photo-interpretation 
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logic.  This  is  the  case  of  the  diffraction  analysis  in  coherent  light 
and  the  holography  technique.  The  use  of  a  laser  beam  striking  a  photo- 
graph to  produce  a  diffraction  pattern  which  can  be  subsequently  analyzed, 
compared  to  other  patterns  or  used  to  reconstitute  the  primary  input 
(image)  has  been  the  subject  of  recent  research  [9,  31.  V7»  66].  In  this 
procedure,  the  diffracted  image  is  the  Fourier  transform  of  the  original 
image,  that  is,  the  information  is  now  contained  in  terms  of  frequency 
rather  than  distance.  The  original  pattern  can  be  reconstituted.  This 
process  is  called  spatial  filtering  and  allows  for  possible  pattern 
enhancement. 

Another  approach  to  automatic  and  semi-automatic  methods  of  inter- 
pretation is  characterized  by  the  numerous  attempts  to  use  electronic 
scanning  devices  to  convert  the  spatial  image  (photo)  to  a  temporal 
signal  which  can  be  processed  by  filtering,  comparison  and  other  methods 
of  enhancement  before  it  is  displayed  in  an  image  form.  The  scanning, 
recording  and  display  functions  are  generally  performed  by  either  a  CRT 
flying  spot  scanner  or  laser  beam.  DiPentima  [65 1  describes  this  method 
in  the  following  terms: 

A  CRT  flying-spot  scanner  is  used  to  scan  the  input  image  and 
convert  it  into  an  electric  signal  which  describes  the  point-to- 
point  density  values  of  the  photograph  as  a  function  of  its  light 
transmission  at  each  point.  The  signal  thus  produced  is  processed 
for  enhancement  or  target  recognition  purposes.   Finally  an  output 
signal  representing  the  enhanced  image  or  indicating  the  spacial 
position  of  a  detected  target  was  generated  and  displayed  on  a  CRT 
monitor  or  recorded  on  film  by  a  CRT.   (DiPentima  1968) 

A  similar  approach  is  suggested  by  Dalke  [59>  60],  Rosenfeld  [2l6, 

217]  and  Kazmierczak  et  al.  [118],  Olson  [197].  Such  an  approach  is 

convenient  for  any  aspect  of  the  interpretation  research  as  related  to 

any  particular  subject;  soils  mapping,  vegetation  study  and  target 
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detection.   The  main  problems  are  presently  the  relatively  low  resolution 
of  the  CRT,  low  dynamic  range  and  distortions  and  nonlinearities  which 
limit  the  value  of  the  technique.  Part  of  this  is  presumably  solved  by 
using  a  laser  beam  instead  of  the  CRT. 

An  interesting  and  promising  offshoot  of  the  electro-optical  tech- 
niques is  the  application  of  the  CRT  flying  spot  scanner  to  the  study  of 
probability  density  functions.  This  was  used  by  Morain  and  Simonett  [l8U] 
in  the  study  of  vegetation  patterns  on  radar  imagery.  In  this  method, 
the  imagery  is  scanned  with  a  flying  spot  scanner  coupled  to  a  pulse 
height  analyzer.  Curves  are  obtained  in  which  the  X-axis  represents  the 
intensity  derived  by  measuring  film  transmittance  and  the  Y-axis  is  a 
plot  of  the  frequency  of  occurrence  of  given  film  transmittances . 
Analysis  of  peak  and  shape  matching  of  these  curves  provides  information 
on  the  patterns  of  the  imagery. 

Before  treating  the  multispectral  imagery  analysis,  three  other 
methods  deserve  some  attention.  One  method  is  proposed  by  Darling  et  al. 
[6l]  and  uses  photo  patterns  that  are  recorded  by  a  slow  TV  scan  and 
digitized.  These  data  then  serve  as  an  input  to  a  digital  enhancement 
and  discriminant  analysis  program.  The  final  product  is  a  computer 
printout.   Huntley  [110]  presented  a  variant  of  this  in  which  the  final 
product  is  a  color  CRT  display. 

Another  proposition  comes  from  Nichols  et  al.  [192].   They  describe 
a  method  of  conversion  of  infrared  images  to  visible  color  images.  This 
is  a  new  approach  that  could  be  extremely  useful  for  field  data  collec- 
tion and  possibly  for  airborne  surveillance,  in  that  it  gives  a  direct 
color  image  of  the  infrared  radiation. 
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As  indicated  on  the  lower  right  part  of  Figure  30.  multispectral 
imagery  can  be  interpreted  and  analysed  by  at  least  three  different 
techniques. 

The  first  to  be  considered  is  the  visual  and  densitometric  approach 
which  was  discussed  previously.  This  technique  was  used  in  this  research 
project  and  the  results  are  reported  in  a  later  section. 

The  second  is  the  analog  analysis  and  enhancement  approach.  This  is 
the  present  approach  used  at  the  Willow  Run  Laboratories,  the  University 
of  Michigan,  to  analyze  the  multispectral  information.  This  method  is 
documented  in  the  literature  [71,  105,  72,  Ikk,   11+5,  1V3].  This  approach 
has  built-in  advantages  such  as  the  use  of  the  direct  analog  signal  as 
collected.  It  also  allows  for  calibration  and  enhancement  techniques 
to  be  used  [72].  It  permits  the  changing  of  the  dynamic  range  and  the 
suppression  of  noise.  This  approach  was  not  used  in  this  research 
project. 

The  third  approach  to  analysis  of  multispectral  data  is  the  digital 
and  automatic  spectral  classification  technique  developed  by  personnel 
of  the  Purdue  University  Laboratory  for  Agricultural  Remote  Sensing  (LARS). 
This  method  was  used  in  this  research  and  will  be  more  extensively 
described  in  Chapter  k,   where  results  are  presented.  Basically  this 
method  uses  a  computer  to  analyze  the  spectral  reflectance  of  each  reso- 
lution element  in  the  different  spectral  bands.  The  analog  date  is  first 
digitized  and  computer  programs  (system  name  is  PTCTOUT)  print  out  the 
imagery  gray  levels  for  selection  of  representative  areas  called  training 
samples.  Another  program  (system  name  is  LARSYSAA)  performs  the  statis- 
tical analysis  of  the  spectral  response  of  each  sample.  This  program 


permits  the  selection  of  the  best  combination  of  2,  5  or  If  bands  to  be 
used  in  the  automatic  classification  and  display.  The  computer  is  used 
to  perform  the  classification  and  to  develop  a  display  of  the  data  on  a 
printout  format  [125,  127,  2571- 

The  LAPS  method  is  totally  independent  of  intermediate  photographic 
prints  or  films.  The  other  techniques  described  previously  are  dependent 
upon  film  and  prints.   The  classification  is  automatic  but  trained 
personnel  and  sufficient  ground  information  must  be  available.  The 
technique  represents  the  most  important  advance  in  terms  of  automatic 
interpretation  so  far. 

The  need  for  ground  truth  in  all  of  these  automatic  or  semi-automatic 
methods  of  pattern  analysis  is  emphasized.  Unfortunately  little  is 
available  in  the  literature  on  what  constitutes  adequate  and  useful 
ground  truth.   In  general  each  case  is  a  unique  research  program.  No 
methodical  approach  is  presented  on  ground  truth  collection. 

A  totally  automatic  interpretation  system  is  not  available  at  this 
time.  The  reader  is  referred  to  Figure  k,    in  which  the  phases  of  inter- 
pretation are  listed.  What  has  been  done  to  date  in  terms  of  automatic 
interpretation  is  the  analysis  and  recognition  of  shapes  and  forms  in  an 
automatic  mode.   Spectral  patterns  or  signatures  are  also  recognized  and 
even  identified  relative  to  similar  signatures  but  the  significance  or 
the  final  result  of  the  interpretation  is  left  to  the  interpreter  or  the 
analyst  ikS]. 

In  terms  of  image  enhancement,  the  same  thoughts  apply.   Image 
enhancement  is  very  useful  for  increasing  the  detection  capabilities  of 
the  interpreter  of  things  that  could  not  even  be  seen  before,  but  this 
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does  not  infer  interpretation,  let  alone  automatic  interpretation,  to  be 
done  by  the  simple  fact  of  enhancement. 

These  considerations  are  not  meant  to  point  out  the  limited  results 
but  rather  to  encourage  research  efforts  and  most  of  all  prevent  mis- 
understanding of  the  terms  pattern  recognition  and  interpretation.  The 
importance  of  further  research  on  pattern  recognition  techniques  is 
stressed  for  application  to  multi spectral  imagery,  infrared  imagery  and 
radar  imagery  and  for  other  considerations  in  aerial  photography  recog- 
nition techniques. 

2.5  State  of  the  Research  on  Remote  Sensing 
Remote  sensing  has  emerged  from  two  principal  philosophies.  One 
states  that,  in  the  past,  only  a  very  limited  portion  of  the  spectrum 
has  been  used.  It  is  proposed  that  by  using  a  wider  range  of  wavelengths 
more  information  is  gained  and  hopefully,  multispectral  signatures  could 
be  used  to  classify  surfaces.  The  second  approach  is  the  attempt  to 
collect  the  data  on  an  electric  signal  form  rather  than  a  photo  to  permit 
an  easier  solution  to  the  problem  of  automatic  interpretation. 

If  one  looks  at  the  many  attempts  and  promising  results  of  remote 
sensing  in  the  various  fields  of  scientific  and  engineering  activities, 
one  is  impressed  by  the  diversity  of  potential  applications  and  by  the 
results  themselves.  Many  examples  are  described  in  the  Proceedings  of 
the  five  Remote  Sensing  Symposia  held  at  the  University  of  Michigan. 

So  far  the  most  outstanding  applications  of  the  infrared  imagery 
have  been  in  forest  fire  detection  and  mapping,  geological  studies  of 
volcanic  activities  in  Yellowstone  Park  and  Hawaii,  and  coal  fire 
detection  [97,  162,  75,  226]. 
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In  multi spectral  data  classification,  the  most  outstanding  results 
so  far  have  been  obtained  by  the  LARS  group.   Their  results  are  expected 
to  oe  applicable  in  many  different  fields  and  will  be  made  even  more 
significant  by  the  recent  developments  in  scanner  technology.  A  nine- 
band  single  aperture  scanner  is  being  tested  by  the  Bendix  Corporation. 
Another  single  aperture  scanner  is  being  designed  for  2k   different  bands 
&jid  was  recommended  by  LARS,  under  research  for  a  NASA-USDA  cooperative 
program  [104] .   Other  developments  are  taking  place  in  passive  microwave 
sensing  which  may  possibly  yield  interesting  results.   Holography  tech- 
niques may  also  eventually  become  useful. 

The  discovery  of  a  new  technique  is  never  immediately  followed  by 
its  application.   There  always  appears  to  be  a  certain  lag.   This  was 
the  case  for  aerial  photography  (1858)  and  its  interpretation  for  engi- 
neering uses  (early  19^0's).  Dr.  Suits  recently  presented  a  synopsis  of 
the  evolution  of  remote  sensing  [236].  It  is  adapted  and  augmented  in 
Figure  31  to  illustrate  that  some  of  the  recent  techniques  in  remote 
sensing  are  so  new  that  time  and  further  research  are  required  to  pass 
the  development  phase  and  reach  the  applications  stage. 


NASA:  National  Aeronautics  and  Space  Agency 
USDA:  United  States  Department  of  Agriculture. 
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CHAPTER  3 
ENGINEERING  MASTER  SOIL  PLANS  PROCEDURES 

This  chapter  reports  on  the  investigation  of  producing  engineering 
master  soil  plans  from  different  sources  of  information;  geologic  maps, 
pedological  maps  and  from  different  types  of  aerial  films,  photographs, 
and  multichannel  imagery. 

As  indicated  in  the  introduction,  a  section  of  70  miles  of  highway 
in  central  Indiana  served  as  the  study  area  (see  Figure  l).   The  section 
of  State  Road  37  extending  southward  from  the  southern  edge  of  Indianap- 
olis to  Bedford  presented  an  excellent  area  of  study  due  to  the  varia- 
bility of  materials,  of  land  forms  and  of  geological  conditions. 

This  section  of  State  Road  37  is  under  study  by  the  Indiana  State 
Highway  Commission  for  improvement  and  eventual  construction  to  form  a 
divided  facility.   At  present,  a  by-pass  to  Martinsville  is  terminated 
(IS'68)  and  other  short  sections  are  being  investigated  for  construction 
in  the  near  future. 

5.1  Method  of  Investigation 
The  preliminaries  to  this  investigation  included  the  contracting 
with  the  University  of  Michigan  to  obtain  the  multispectral  imagery,  the 
purchase  of  films  and  delivery  to  the  ISHC  photographic  facilities,  and 
the  gathering  and  reading  of  the  abundant  literature  on  the  area  under 
study. 
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Besides  the  report  of  the  first  phase,  written  by  Rib  [211],  the  litera- 
ture survey  included  one  county  engineering  soils  map  for  Monroe  County 
(the  only  one  available  out  of  five  counties  involved)  [26l],  five 
agricultural  soils  reports  [59,   86,  21+1,  249] »  other  pedological  and 
related  reports  [109,  142,  255].   It  also  included  geological  reports 
and  maps  on  the  area  of  investigation  [57,  85,  88,  208,  2U6,  252,  257]. 
The  unpublished  geological  7«5  minutes  quadrangle  maps  of  South-central 
Indiana  were  kindly  made  available  to  the  author.   They  were  extremely 
useful  in  preparing  a  compilation  map  of  surfieial  geology. 

In  the  early  phases  of  this  project,  provisions  were  made  for  an 
early  flight  to  produce  a  single  flight  line  of  black  and  white  panchro- 
matic photographs  to  be  used  to  plan  the  subsequent  phases.   It  was  most 
useful  in  the  field  for  ground  truth  acquisition.  This  photography  was 
at  a  scale  of  1000  feet  to  the  inch  and  Plux-X  panchromatic  film  was  used. 

Various  other  types  of  films  were  used  on  the  subsequent  flights 
and  were  exposed  at  lower  altitude  to  procure  photos  at  a  scale  ratio  of 
1:U800  or  400  feet  to  one  inch.   The  type  of  film  taken  on  the  same  day 
as  the  multiband  imagery  was  the  Kodak  Ektachrome  MS,  developed  as  a 
negative  because  either  black  and  white  or  color  prints  could  be  produced. 

The  other  types  of  films  used  were:   black  and  white,  black  and 
white  infrared,  natural  color  transparencies,  and  infrared  color  positive 
transparencies.  These  films  were  used  for  the  following  reasons: 

1)  The  natural  color  transparencies  were  included  as  a  backup  for 
the  natural  color  negative  type  film  in  case  of  processing  or  camera 
malfunctions. 

2)  The  color  infrared  and  black  and  white  infrared  were  included 
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because  of  possible  advantage  in  vegetation  studies  of  importance  in  the 
interpretation  of  soils  in  this  part  of  Indiana. 

' )  All  of  the  various  films  were  included  in  case  the  University 
of  Michigan  multichannel  system  could  not  be  obtained.   In  preliminary 
contacts  with  them  some  equipment  problems  and  priorities  were  indicated 
but  by  excellent  cooperation  of  all  concerned,  the  use  of  the  equipment 
was  finally  made  possible. 

Black  and  white  photos  at  a  scale  of  1:20,000  were  ordered  from  the 
U.S.  Department  of  Agriculture,  to  cover  a  strip  of  land  approximately 
three  to  five  miles  wide  by  70  miles  long.   These  photos,  dated  from 
1^62  to  1967.  provided  recent  coverage  of  the  overall  region  over  which 
the  single  flight  lines  were  to  be  flown  with  the  different  films.  This 
--jllowed  for  general  land  form  -  parent  material  study  of  the  area  and 
provided  information  for  the  detailed  subsequent  studies. 

Valuable  information  was  obtained  from  the  agricultural  soils 
reports  and  geological  maps  mentioned  before  and  from  field  inspection. 
The  equivalent  of  approximately  eight  days  of  field  work  were  spent  for 
the  collection  of  soil  samples  and  general  field  information,  both  prior 
to  and  after  the  day  the  maximum  aerial  information  was  collected,  on 
April  28,  1967  (see  Table  1,  chapter  l).   The  field  information  consisted 
of  hand  auger  bore  holes,  examination  of  road  cuts  and  construction  sites 
and  observation  of  physiographic  and  topographic  features  that  were 
relevant.   The  field  work  yielded  the  information  required  to  prepare 
the  soil  profiles  and  to  correlate  these  with  the  photo-interpretation 
ana  it  provided  soil  samples  for  classification  tests  according  to 
standard  methods  of  testing.   The  results  of  classification  testing 
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appear  in  appendix  1 .  The  soil  profiles  are  shown  on  the  photo-maps . 

3.2  Engineering  Master  Soil  Plans  from  Various  Sources 
This  investigation  is  concerned  with  the  evaluation  of  the  incre- 
mental information  gain  obtained  by  the  use  of  different  sources  and 
sensor  data.  In  chronological  order  of  their  development  the  following 
maps  were  produced. 

3.21  General  Land  Form  -  Parent  Material  Maps 
The  first  set  of  maps  prepared  during  this  study  were  produced  from 
the  1:20,000  airphotos  by  standard  photo- interpretation  techniques  and 
show  land  forms-parent  materials  distribution.  They  cover  a  strip  of 
about  3  to  5  miles  wide  by  70  miles  and  are  reproduced  at  a  reduced 
scale  on  photo-maps  1  to  5  (Plates  1  to  5).  They  show,  besides  the  land 
forms  and  the  related  soil  profiles,  the  location  of  test  holes,  the 
location  of  special  maps  prepared  at  a  larger  scale  are  indicated  by  the 
word  "map"  followed  by  a  number,  and  the  areas  of  imagery  studied  by  the 
use  of  the  LARS  computer  approach  are  indicated  by  the  word  "area" 
followed  by  a  number. 

On  these  five  photo-maps,  the  tentative  route  selected  is  indicated 
by  a  black  and  white  narrow  dashed  strip  [ill,  112].  The  special  maps 
are  indicated  by  white  brackets,  the  computer  interpreted  areas  by 
hatched  brackets,  and  the  bore-holes  and  soil  profiles  by  white  labels 
with  the  letter  P  followed  by  a  number.  The  land  form  delineations  are 
marked  by  continuous  black  lines  and  labeled  with  black  symbols.  The 
range  and  township  lines,  the  section  corners  and  section  numbers  are 
indicated  in  white  numbers  and  letters. 
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LEGEND 


FOR 


INDIANA     STATE        HIGHWAY    NO.  37 
ENGINEERING    SOILS    MAPS 

LAND    FORM  -  PARENT     MATERIAL    CLASSIFICATION 


LAND    FORM     CLASSIFICATION 
A.    Unconsolidated      Material 
Land    Forms 

FLUVIAL      LAND      FORMS 

Fp  Flood    ptoln   and    major    drainagt    way* 

Fm  Minor    drainagt    ways    and    narrow    stream    volleys 

Fs.Fd  Swolee    and     depressions    on    flood     ploine 

Fo  O«bow»    and    meander     score    on    flood    plaint 

Fk  Muck    In    depressions     on    flood     ploini 

T  Terrace*    ;    Ti  -    Lo»    terracei 

A  Alluvial    fane 

C  Colluvial    deposits 

GLACIAL      LAND       FORMS 

Gw  Ground  moraine     of     Wisconsin     age 

Gi  Ground  moraine     of     lllmoton     age 

Rm  Ridge  moraine 

Mk  Kame  moraine    (Wisconsin) 

K  Kame 

E  Esker 

Gd  Depression,   Gk  kettle 

GLACIOFLUVIAL       LAND      FORMS 

Ow        Outwash   and   valley    tram    deposits    (Wisconsin) 
Oi  Outwosh   and  valley    rmin    deposits    (lllinolan) 

Od         Depressions    on    outwosh 

LACUSTRINE         LAND       FORMS 

Lc  Locustrirw     plain 

Ld         Oepreteion    on  lacustrine    plain 

EOLIAN       LAND       FORMS 

S  Dunes    ( Includes     tilt    mounds  ) 

L  Loess     plain 

RESIDUAL       SOIL       LAND       FORMS 

R/Sh     Residual    soils  over   shale   ond    slltstone    plain 
R/Ls    Residue!   soils  over    limestone    plain 

B.    Consolidated     Material 
Land     Forms 


SEDIMENTARY      ROCK      LAND 

Sti         Shale    and/or   siltttone    plain 
Ls         Limestone    plow 
.  Sinkholes 
Limestone     quorry 


FORMS 


1' 


SOIL    TEXTURE 
CLASSIFICATION 

1  Sands    and    gravel* 

2  Silty  to    clayey    sands  and    gravtls 

3  Fint   sands 

4  Silty   soils 

5  Silty    elastic    soils 

6  Clays 

7  Clays      (fnor.    plasticity) 

8  Organic 

DRAINAGE      CLASSIFICATION 

p      Poor   (0-3   feet   to    ground    water  table) 
i       Imperfect     (3-6  feet) 
g      Good     (over   6  feet) 

DEPTH    TO    BEDROCK 
CLASSIFICATION 

1  Less   than    3   feet  to  bedrock 

2  3   to  10   feet    to  bedrock 

3  More    than    10  feet    to   bedrock 

SLOPE     CLASSIFICATION 

I      Flat     (0-3%) 

m     Moderate    (3-10%) 

s      Steep    (over   10%) 

KEY    TO    SYMBOLS 

For   all   the  symbols   used ,  the  first  part 
is  reloted    to  the   land   form ,  the   second    to 
the  material    texture ,  the   third    to   the   drain- 
age condition ,  the   fourth  to  the  depth   to 
bedrock, and  the  fifth  to  the  elope   condition. 

EXAMPLES 

Fp46p3f       The  land  form  Isa  flood  plain 
(Fp)  with  parent  moteriol  of  silts  ond 
cloys  (46)    Drainage  is  poor  (p)  with  the 
water  table  between  0  and  3  feet  most 
of  the  year   Depth  to  bedrock  (3)  is  greater 
than  10  feet  The  over-oil  topography  is  flat 
((),  all  slopes   ors  below  3\ 

L  R/Sh       Loess  (L)  ond/or  ( )  residual  soil 
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LEGEND 


FOR 


INDIANA     STATE        HIGHWAY    NO.  37 
ENGINEERING    SOILS    MAPS 

LAND    FORM  -  PARENT     MATERIAL    CLASSIFICATION 


LAND    FORM     CLASSIFICATION 
A.    Unconsolidated      Material 
Land    Forms 

FLUVIAL      LAND       FORMS 

Fp  Flood     plain    and    major    drainage    way* 

Fm  Minor    drainage    ways    and    narrow    stream    valleys 

F»,Fd  Swotes    and    depressions    on    flood     plaint 

Fo  Oibows    and    meander     scars    on    flood    plain* 

Fk  Muck    In    depressions    on    flood    plain) 

T  Terraces    ;     Ti  -    Low    terraces 

A  Alluvial    font 

C  Colluvial    deposits 


GLACIAL      LAND       FORMS 


Wisconsin    og« 
lllinoian     oge 


Gd 


0. 


Ground    moroine 

Ground    moraine 

Ridge     moraine 

Kame     moraine    (Wisconsin) 

Kamt 

Esker 

Depression;  Gfc  kettle 

GLACIOFLUVIAL       LAND      FORMS 

Outsosh   and   valley    train    deposits   (Wisconsin) 
Oi         Outwosh   and  valley    train    deposits    (lllinoian) 
Od         Depressions    on    outwosh 

LACUSTRINE         LAND       FORMS 

Lc         Lacustrine     plain 

Ld         Depression    on  lacustrine    plain 

EOLIAN       LAND       FORMS 

S  Ounes    ( includes     tilt    mounds ) 

L  Loess      plom 

RESIDUAL       SOIL       LAND       FORMS 

R/Sn     Residual    soils  over   shale   and    illtttone    ploin 
R/Lt    Residual   soils  over    limestone    ploin 

B.    Consolidated     Material 
Land     Forms 


SEDIMENTARY      ROCK      LAND 

Sh         Shale    and/or   siltstone    ploin 
Ls         Limestone    plain 

0A-  Sinthotoi 
\o\  Limetton*     quorry 


FORMS 


SOIL    TEXTURE 
CLASSIFICATION 

1  Sands    and    grovels 

2  Silty  fo    clayty    sands  and    grovtls 

3  Fint    lands 

4  Silty   soils 

5  Silty    slasttc    soils 

6  Cloys 

7  Cloys      (high    plasticity) 

8  Organic 

DRAINAGE     CLASSIFICATION 

P      Poor   (0-3   feet   to    ground    water  table) 
i       Imperfect     (3-6  feet) 
g      Good     (over   6  feet) 

DEPTH    TO    BEDROCK 
CLASSIFICATION 

1  Less  than    3   feet   to  bedrock 

2  3   to  10   feet    to  bedrock 

3  More    thon    10  feet    to   bedrock 

SLOPE     CLASSIFICATION 

*       Flat     (0-3%) 

m     Moderate    (3-10%) 

t      Steep    (over   10%) 

KEY    TO    SYMBOLS 

For  all   the  tymboit   used ,  the  first  port 
is  related   to  the   land   form ,  the   second   to 
the   material    tenure  ,  the   third   to  the   drain- 
age condition ,  the   fourth  to  the  depth   to 
bedrock, ond  the  fifth  to  the  slope   condition 

EXAMPLES 

Fp46p3f       The  land  form  is  a  flood  plain 
(Fp)  with  parent  moteriol  of  tiltt  and 
clays  (46)    Drainage  it  poor  (p)  with  the 
water  (able  between  0  and  3  feet  mott 
of  the  year   Depth  to  bedrock  (3)  it  greater 
thon  10  feet  The  over-all  topography  is  flat 
(f)i  all  slopes  ore  below  3%. 

LR/Sh      Loess  (L)  and/or  ( )  residual  soil 

LR  (R)  over  siltstone  and  shots  (Sh) 

Sh 
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The  symbols  used  on  the  photo-maps  and  on  other  maps  are  explained 
on  Figure  32.  The  symbols  used  are  modifications  of  symbols  suggested 
by  Lueder  [114-7].  The  symbols  are  divided  into  five  different  parts  to 
indicate  successively  the  land  form,  the  soil  textural  class,  the  drain- 
age class,  the  depth  to  bedrock  class  and  the  slope  class.  Examples  are 
given  on  the  legend  sheet  shown  in  Figure  32. 

The  general  land  form-parent  material  maps  (photo-maps  1  to  5 )  were 
developed  to  provide  a  regional  concept  of  physiography  and  materials 
distribution  over  the  area  of  study.  This  kind  of  general  map  is 
necessary  to  assist  in  the  preparation  of  detailed  large  scale  engineering 
soil  maps.  The  symbols  used  are  similar  from  one  map  to  the  other  for 
the  whole  project.  The  regional  map  is  required  unless  county  engineer- 
ing soil  maps  are  available. 

3.22  Engineering  Soil  Mapping  from  Geological  Data 
A  set  of  7-5  minute  quadrangle  geological  field  sheets  were  made 
available  to  the  author  [88]  and  used  to  prepare  Figure  33.  These  sheets 
were  not  final  nor  were  they  ready  for  publication,  but  they  contained 
the  detailed  information  that  was  required.   Figure  33  indicates  the  very 
broad  textural  classes  of  materials.  This  is  explained  by  the  fact  that 
the  surficial  geology  is  mapped  according  to  Pleistocene  formations. 

As  described  by  Wayne  [252],  Pleistocene  sediments  are  classified 
into  separate  units  on  the  basis  of  (l)  lithologic  characteristics  and 
(2)  distinctive  marker  beds  at  major  unconformities.  In  this  manner, 
glacial  sediments  of  Pleistocene  age  are  mapped  according  to  standard 
stratigraphic  practice  as  for  rock  units.  Mappable  units  are  also  corre- 
lated with  time-stratigraphic  units  recognized  in  Pleistocene  geology 
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and  in  conformity  with  established  stratigraphic  practice.  Geomorphology 
is  recognized  as  an  invaluable  aid  in  determining  continuity  and  areal 
extent  of  each  unit.  Biostratigraphic  data  in  conjunction  with  other 
stratigraphic  information  are  also  used  by  Wayne.  The  result  is  a  very 
coherent  classification  of  Pleistocene  units  on  the  basis  of  lithography, 
texture  and  composition. 

After  close  examination  of  Figure  33  >  the  author  concluded  that  even 
though  Wayne's  classification  is  more  logical  and  useful  than  previous 
Pleistocene  mapping  done  on  the  sole  basis  of  geomorphology,  it  results 
in  only  very  broad  classes  of  materials  and  cannot  be  sufficient  for 
engineering  soil  mapping.  It  is  concluded  that  a  geologic  map,  even  a 
geologic  map  on  the  basis  of  textural  classes  of  the  glacial  sediments, 
is  not  sufficient  for  engineering  soils  mapping. 

To  document  this  point,  it  must  be  indicated  that  the  bedrock  areas 
on  Figure  33  show  the  symbol  for  the  rock  formation  alone  and  nothing  is 
indicated  about  the  soil  cover.  This  is  a  major  lack  of  information  that 
cannot  be  corrected  when  using  geological  data  alone.  Moreover,  the 
geologic  maps  neglect  the  subdivisions  of  minor  land  forms  and  cannot  be 
divided  into  discrete  areas  for  which  refined  textural  symbols  apply 
(compare  Figure  33  to  Figure  37  and  to  photo-maps  2.2  and  2.3  on  sub- 
sequent pages ) . 

3.23  Engineering  Soil  Mapping  from  Pedological  Data. 
An  attempt  was  made  to  prepare  an  engineering  soil  map  from  pedolog- 
ical data  exclusively,  for  the  same  area  around  Martinsville,  as  in 
Figure  33-   For  this  purpose,  the  agricultural  soil  map  by  Ulrich  et  al. 
[2U9]  was  used. 
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A  legend  was  developed  in  which  the  soil  series  were  related  to  a 
land  form  as  given  in  the  soils  report.  This  resulted  in  a  map  as  shown 
in  Figure  ~5k. 

In  an  attempt  to  go  further  and  subdivide  the  pedological  informa- 
tion into  textural  classes  and  other  engineering  information  of  signif- 
icance such  as  drainage  and  local  relief,  the  symbols  developed  for  the 
land  form  classification  had  to  be  extended.  Two  principal  references 
were  used:  the  book  on  engineering  characteristics  of  soils  for  Indiana 
(Bulletin  87)  [27]  and  the  report  on  a  regional  approach  to  highway  soils 
considerations  by  Lovell  and  Sisiliano  [1^2].  The  first  report  was  used 
for  the  textural  classes  and  the  second  for  the  drainage  classes  and 
slope  classes.  The  two  detailed  engineering  soils  maps  are  shown  in 
Figures  35  and  }6.     On  these  maps,  the  soils  boundaries  are  those  of  the 
pedological  map.  The  symbols  used  can  be  divided  into  four  components: 
the  land  form,  the  soil  textural  class  (or  classes),  the  drainage  class 
and  the  slope  class.  No  information  could  be  obtained  from  the  pedolog- 
ical data  that  could  lead  to  an  inferred  class  to  indicate  depth  to 
bedrock . 

These  maps  obtained  from  pedological  data  are  accurate  in  terms  of 
broad  classes  of  materials,  when  compared  to  the  photo-maps  for  the  same 
areas.  No  field  check  was  made  to  any  great  extent  previous  to  their 
completion.  Field  checking  was  done  only  for  the  photo-maps. 

The  engineering  soils  maps  prepared  from  pedological  data  are  fine 
for  small  scale  maps  (of  the  order  of  ■§  mi.  to  1  inch)  but  cannot  be 
enlarged  and  interpreted  to  yield  reliable  large  scale  engineering  soil 
maps.  But  large  scale  aerial  photos  can  yield  such  information  upon 
interpretation . 
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A  legend  was  developed  in  which  the  soil  series  were  related  to  a 
land  form  as  given  in  the  soils  report.  This  resulted  in  a  map  as  shown 
in  Figure  3^- 

In  an  attempt  to  go  further  and  subdivide  the  pedological  informa- 
tion into  textural  classes  and  other  engineering  information  of  signif- 
icance such  as  drainage  and  local  relief,  the  symbols  developed  for  the 
land  form  classification  had  to  be  extended.  Two  principal  references 
were  used:  the  book  on  engineering  characteristics  of  soils  for  Indiana 
(Bulletin  87)  [27]  and  the  report  on  a  regional  approach  to  highway  soils 
considerations  by  Lovell  and  Sisiliano  [1^2].  The  first  report  was  used 
for  the  textural  classes  and  the  second  for  the  drainage  classes  and 
slope  classes.  The  two  detailed  engineering  soils  maps  are  shown  in 
Figures  35  and  36.  On  these  maps,  the  soils  boundaries  are  those  of  the 
pedological  map.  The  symbols  used  can  be  divided  into  four  components: 
the  land  form,  the  soil  textural  class  (or  classes),  the  drainage  class 
and  the  slope  class.  No  information  could  be  obtained  from  the  pedolog- 
ical data  that  could  lead  to  an  inferred  class  to  indicate  depth  to 
bedrock. 

These  maps  obtained  from  pedological  data  are  accurate  in  terms  of 
broad  classes  of  materials,  when  compared  to  the  photo-maps  for  the  same 
areas.  No  field  check  was  made  to  any  great  extent  previous  to  their 
completion.  Field  checking  was  done  only  for  the  photo-maps. 

The  engineering  soils  maps  prepared  from  pedological  data  are  fine 
for  small  scale  maps  (of  the  order  of  \   mi.  to  1  inch)  but  cannot  be 
enlarged  and  interpreted  to  yield  reliable  large  scale  engineering  soil 
maps.  But  large  scale  aerial  photos  can  yield  such  information  upon 
interpretation . 
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FIGURE    36     DETAILED     ENGINEERING    SOIL      MAP     FROM 
PEDOLOGICAL      DATA 
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5.2k     Engineering  Soil  Maps  from  Black  and  White  Airphotos 

Figure  37  illustrates  the  engineering  soil  map  obtained  from  black 
and  white  aerial  photographs  in  order  to  compare  the  result  with  what 
was  obtained  from  the  geological  and  pedological  information.  The  over- 
all compatibility  of  these  maps  is  most  striking. 

This  terminates  the  comparison  between  geological,  pedological  and 
aerial  photographic  data  as  a  source  for  mapping  engineering  soils.  It 
is  concluded  that  detailed  geological  maps  are  useful  but  not  sufficient 
to  map  engineering  soils .  It  is  also  concluded  that  pedological  maps 
can  greatly  contribute  to  engineering  soils  mapping  but  they  are  limited 
in  terms  of  indicating  precise  locations  of  soil  boundaries  and  in  terms 
of  giving  information  on  the  environment   and  on  the  prevailing  soil 
conditions. 

Several  other  engineering  soils  maps  were  prepared  and  reproduced 
as  photo-maps  in  order  to  compare  the  gain  of  information  obtained  from 
the  different  types  of  aerial  films  and  prints.  The  photo-maps  prepared 
from  black  and  white  airphotos  are  reproduced  as  photo-maps  1.1  to  k.l 
(Plates  6  to  11).  Table  k   was  prepared  for  an  easier  identification  of 
the  maps  produced  in  this  report  and  as  a  convenient  listing  of  source 
of  information,  scale  and  numbering. 

The  photo-maps  on  Plates  6  to  11  and  on  Plates  12  to  Ik   are  examples 
of  the  accrued  details  reported  on  the  map,  as  the  photo  scale  increases 
(from  small  scale,  1:20,000  to  large  scale  1:U,800).  They  show  also 
that  the  amount  of  detail  is  not  only  a  function  of  the  photo  scale  but 
is  primarily  related  to  the  environment  and  terrain  (see  Plates  6,7  and  8). 
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These  photo-maps  show  examples  of  different  terrain  conditions: 
Plates  6  and  7  show  predominance  of  glacial  terrain  and  minor  drainage 
ways;  Plate  8  shows  a  combination  of  glacial  terrain,  outwash  and  flood 
plain;  Plate  9  is  characterized  by  a  ridge  moraine  covered  with  minor 
loess  and  sands  adjoining  a  lacustrine  plain  covering  outwash;  Plate  10 
represents  a  glacial  sluiceway  [2W5]  cutting  across  a  limestone  plain; 
Plate  11  is  characterized  by  limestone  terrain. 

From  these  maps  it  can  be  shown  also  that  the  reliability  of  infer- 
ence improves  as  the  scale  becomes  larger,  (see  Plates  2,  8,  12  and  also 
Plates  2,  9»  lU).   The  production  of  these  photo-maps  showed  a  consider- 
able increase  in  photo- interpretation  time  for  the  very  detailed  mapping 
(see  Table  5).  It  was  found  that  the  photo- interpretation  time  increased 
by  a  factor  going  from  1.7  to  2.0  when  considering  the  time  taken  to 
interprete  what  is  shown  on  Plates  12  and  13  as  compared  to  the  time  for 
the  "parent"  map  on  Plate  8.  This  factor  reached  a  value  of  2.9  for 
Plate  Ik   compared  to  Plate  9> 

3-25  Engineering  Soil  Maps  from  Color 
Aerial  Photographs 

In  order  to  compare  color  with  black  and  white  aerial  photographs 
and  investigate  the  contribution  of  color  in  terms  of  improved  engineer- 
ing soil  mapping,  five  different  color  mosaics  were  assembled  and 
annotated  with  the  interpreted  soil  boundaries.  Because  of  too  expensive 
a  cost  of  color  mosaic  reproduction,  the  information  was  transferred  to 
the  black  and  white  photo-maps  used  as  a  base,  just  as  was  done  for  the 
mapping  with  black  and  white  photography. 

The  interpretation  obtained  from  the  color  photographs  are  shown  on 
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TABLE  5 


COMPARATIVE  PHOTO-INTERPRETATION  TIMES 


Photo-Map  No. 


Scale 
(sq.  mi) 


Area 
(sq.   mi) 


P.   I. 

Total  Time 

(hours) 


Normalized 

P.I.  Time 

(hours/sq.  mi) 


1  to  5 
(9  photo-maps) 
1.1 
2.1 
2.2 
2.3 
3.1 
4.1 
2.2.1 
2.2.2 
2.3-1 
2.3(C) 
3.1(C) 
4.1(c) 
2.2.1(C) 
2.2.2(C) 


1:20,000 

1:12,000 

1:4, 800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 

1:4,800 


350. 

120. 

134. 

44. 

2.48 

3.0 

2.46 

2.25 

2.32 

6.5 

2.46 

4.0 

2.02 

5.0 

2.17 

3-5 

0.85 

4.0 

0.825 

4.5 

0.85 

4.0 

2.02 

2.5 

1.70 

2.5 

1.80 

2.0 

0.72 

2.0 

0.85 

2.75 

0.34 
0.33 

1.21 

0.915 

2.80 

1.62 

2.48 

1.61 

4.71 

5.45 

4.71 

1.24  (23-' 

1.47  (40. 8#; 

1.11  (31.( 

2.78  (hi. Of,) 

3.24  (40.5^; 


(Norm.   Time), 
(Norm.   Time 


>-*>!  =    .N,T'?2-3(C)  =  1^4  m  Ql66 


2.3 


(N.T.) 


TIME  ECONOMY   FOI    COLOR  P 

;n-t-;3.ko  1.47  QCq2 

(N.T.),    ,  =   2^H"   °'j92 


3-1 


(N.T.)j 

(N.T. 


■2.1(C)   _   2.78  _ 


'2.2.1 


02 


2.3 

i.  =  (1.00  -   .766)  100 


23. 4? 


(K-T,)4.1(C)  _   1.11  _ 


(N.T.  ) 


O.69   ; 


=  0.59  ; 


(N.T.) 


2.2.2(C)  _   3-24 

=   ^.45 
2.2.2  '      J 


=  0.595 
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Plates  15  to  19  included.  The  identification  numbers  of  these  photo- 
maps  are  followed  by  the  capital  letter  "C" ,  indicating  that  the  infor- 
mation was  obtained  from  color  aerial  photographs . 

The  color  prints  were  prepared  from  Kodak  Ektachrome-MS  film 
developed  to  a  negative.  Only  proof  prints  were  used,  the  color  balanced 
prints  being  too  expensive.  The  color  proof  prints  are  of  sufficient 
quality  for  interpretation  purposes  herein  described. 

When  comparing  the  two  sets  of  photo-maps,  those  from  black  and 
white  photos  (Plates  9  to  13)  with  those  from  the  color  photographs 
(Plates  15  to  19),  one  can  observe  that  there  are  relatively  minor 
differences  in  terms  of  location  of  soil  boundaries  and  symbols  used. 
This  is  explained  by  the  fact  that  engineering  soils  mapping  has  been 
developed  "principally"  on  the  basis  of  the  land  form-parent  material 
relationship,  and  not  on  colors  of  the  soils. 

Color  is  an  asset  for  mapping  engineering  soils.  The  soils  bounda- 
ries can  be  located  with  much  greater  precision  and  the  interpretation 
is  much  more  accurate.  When  comparing  photo-maps  2.3  and  2.3(C),  (Plates 
9  and  15),  it  was  found  that  color  assisted  in  locating  and  identifying 
a  muck  pocket  (M&p3f),  in  identifying  additional  soil  zones,  depressional 
conditions  with  various  degrees  of  moisture  and  additional  third  order 
land  forms  (Gdlf6p3m).  Figure  38  shows  samples  of  two  photo-mosaics,  one 
in  color  the  other  in  black  and  white.  This  example  is  brought  in  to 
show  that  soil  boundaries  can  be  traced  more  easily  and  more  accurately 
on  the  color  mosaic. 

When  comparing  photo-maps  3.1  and  3 . 1(C)  (Plates  10  and  l6),  it  was 
observed  that  color  did  help  produce  a  more  accurate  interpretation.  In 
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COLOR     MOSAIC 


BLACK-WHITE    MOSAIC 


FIGURE    38    COMPARISON     OF     SAMPLE      PHOTO-MOSAIC 
SHOWING    PART     OF    PHOTO- MAPS     2.3(C) 
AND    2.3 
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the  vicinity  of  Bean  Blossom  Creek  for  instance,  wet  zones  (Fs6lipj)f)  and 
muck  areas  (M8p3f)  were  delineated  with  the  aid  of  color,  which  could 
not  be  defined  with  the  black  and  white  photography  as  illustrated  on 
Figure  39- 

The  comparison  of  photo-maps  k.l   and  l*.l(c),  (Plates  11  and  17) 
resulted  in  similar  conclusions:  greater  accuracy  at  delineating  soil 
boundaries  and  land  forms  and  overall  greater  speed  at  interpreting  the 
photos.  Here  the  major  advantage  was  found  in  being  able  to  detect  and 
identify  a  greater  number  of  sinkholes  and  to  delineate  more  easily  land 
forms  under  a  leafless  tree- cover. 

The  comparison  of  photo-maps  2.2.1  and  2.2.1(C),  (Plates  12  and  18), 
indicates  the  gain  of  information  from  color  resulted  in  more  precise 
boundaries.  The  increment  of  information  was  the  identification  and 
delineation  of  a  greater  number  of  soils  features  like  silt  mounds 
(S3g3m)  and  a  faster  and  more  accurate  understanding  of  the  soils  distri- 
bution over  the  area.  Part  of  this  is  illustrated  on  Figure  kO   which 
shov/s  two  mosaics  presented  as  samples  taken  from  Plates  12  and  18. 

The  comparison  of  photo-maps  2.2.2  and  2.2.2(c),  (Plates  15  and  19), 
indicated  that  in  addition  to  more  precise  interpretation  boundaries  and 
additional  soil  area,  a  muck  pocket  of  relatively  large  extent  (lower 
left  corner  of  Plate  13 )  had  been  identified  and  delineated  as  three  small 
zones  on  the  black  and  white  photos.  The  color  photos  indicated  the  muck 
pocket  as  a  single  zone  of  much  greater  aerial  extent  (Plate  19  )•   The 
color  of  the  muck  under  the  thin  vegetative  cover  of  winter  wheat  showed 
more  distinctly  than  on  the  black  and  white. 

A  few  more  cases  are  illustrated  on  Figures  1*1  and  1+2.   Figure  Ul(a) 
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COLOR     MOSAIC 


BLACK-WHITE     MOSAIC 


FIGURE  39.    COMPARISON    OF    SAMPLE     PHOTO- MOSAIC 
SHOWING      PART     OF     PHOTO-MAPS     3.1  (C) 
AND     3.1 
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COLOR    MOSAIC 


BLACK-WHITE   MOSAIC 


FIGURE  40.    COMPARISON     OF     SAMPLE      PHOTO-MOSAICS 
SHOWING     PART     OF     PHOTO-MAPS    2.2.1  (C) 
AND     2.2.1 
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COLOR 


BLACK   AND  WHITE 


(A)    [see  photo-mop  I  i] 


COLOR 


BLACK  ANDWHITE 


(B)     [see  photo- map  2.2.1(C)] 


FIGURE  41.  COMPARISON  OF  COLOR    AND    BLACK     AND  WHITE 
PHOTOGRAPHY    IN    TERMS  OF  SOIL    BOUNDARY 
DELINEATION     AND    SOILS     IDENTIFICATION 
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COLOR 


BLACK   AND  WHITE 


(A)    see  pnolo  map  2  2.2  (C) 


COLOR 


BLACK   AND  WHITE 


(B)   [see  pholo  map   2  3(C)] 


FIGURE  42    COMPARISON  OF  COLOR  AND  BLACK  AND  WHITE 
PHOTOGRAPHY  IN  TERMS  OF  LAND   FORM   AND 
SOIL  TYPES  AND  SOIL  CONDITION  DETERMINATION. 
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illustrates  two  soils  readily  distinguished  on  the  basis  of  color  (arrows 
1  and  2,  k   and  5).   The  drainage  feature  at  arrow  6  is  more  significant 
on  the  color  photo  than  on  the  black  and  white.  Arrow  7  shows  the  dis- 
turbed soil  over  a  buried  pipeline.   It  is  a  feature  that  is  more  strik- 
ing on  color  and  could  be  followed  for  a  longer  distance  on  color  than 
on  black  and  white. 

Figure  itl(b)  is  another  example  to  show  how  color  is  a  great  asset 
in  photo- interpretation  of  terrain.  Arrow  1  indicates  the  borderline  of 
two  land  forms  and  associated  soils.  Arrows  2  and  3  point  to  low  sand 
dunes  that  were  easier  to  delineate  on  the  color  because  of  the  color 
contrast.  Arrows  k,   5  and  6  show  examples  where  it  was  possible  to 
distinguish  a  condition  of  soil  on  the  basis  of  color.  On  the  black 
and  white,  it  was  not  possible  to  determine  whether  the  features  were 
dark  colored  soils  or  were  wet  soils.     The  color  photo  indicates 
that  k   and  5  are  similar  and  are  darker  brown  and  wet  soils.  Area  6  is 
a  soil  with  higher  organic  content  and  it  is  also  wet.  Arrow  7  indicates 
ponded  water  which  is  not  readily  detected  on  the  black  and  white. 

Figure  U2(a)  is  an  example  where  dark  soil  (arrows  1,  5  and  6)  can 
be  readily  delineated  and  differentiated  from  darker  more  organic  soil 
(arrow  7)  and  from  sub-surface  drainage  features  (arrow  k) .     Areas  con- 
taining thin  silt  in  the  A-horizon  (arrow  2)  can  be  located  very  precisely 
on  color  but  not  on  black  and  white. 

Figure  k2(b)   shows  how  color  is  of  value  in  distinguishing  muck 
(arrow  l)  from  dark  colored  soil  (arrow  2),  and  to  locate  wet  zones  under 
a  thin  grass  cover  (arrows  3  and  6).  Color  shows  the  ponded  water 
(arrow  k)   while  black  and  white  does  not. 
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3.26  Color  Infrared  Film  for 
Engineering  Soil  Mapping 

After  the  color  photo-mosaics  were  interpreted,  a  very  detailed  and 
careful  study  was  made  of  the  color  infrared  film  positives.  The  main 
advantages  of  this  film  over  color  and  black  and  white  is  the  fast  and 
accurate  location  of  vegetation.  This  advantage  was  not  a  great  asset 
for  soil  mapping  but  it  was  extensively  used  in  the  computer  analysis  of 
the  multi spectral  imagery  (see  Chapter  k)   in  the  "training  samples" 
selection  phase. 

Another  advantage  of  this  film  type  is  to  show  the  relative  moisture 
conditions  of  the  soils  in  a  much  better  way  than  natural  color.  This  is 
due  to  the  fact  that  the  film  is  sensitive  to  the  near  infrared  band  (0.7 
to  0.9  micron)  and  water  is  a  great  absorber  of  energy  in  that  band.  A 
wet  condition  is  detected  on  the  film  by  darker  hues  of  blue  or  blue- 
green  . 

The  filter  used  with  the  color  infrared  film  was  a  Wratten  12  accord- 
ing to  the  film  maker's  recommendation.  The  effect  of  the  Wratten  12 
filter,  as  compared  to  the  Wratten  15,  is  a  shift  of  the  color  toward  the 
blue;  the  vegetation  therefore  is  purple-red  instead  of  red,  the  bare 
soil  areas  show  in  different  hues  of  blue  instead  of  green.  The  author 
compared  his  results  with  several  rolls  of  infrared  color  film  obtained 
for  the  Laboratory  for  Agricultural  Remote  Sensing  (LARS),  by  a  NASA 
aircraft.  A  Wratten  15  was  used  which  gives  a  color  shift  to  the  green. 
The  aging  of  the  film  is  also  critical. 

The  color  infrared  film  was  exposed  approximately  four  weeks  after 
the  color  photography.  Even  with  this  delay,  the  color  and  color  infrared 
photography  were  evaluated  and  compared.  The  weather  conditions  over 
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the  area  were  similar  for  the  few  days  preceeding  the  exposure  of  both 
film  types . 

It  was  found  that  color  infrared  transparencies  yield  more  informa- 
tion than  color  film  or  prints  on  soil  surface  drainage  conditions,  wet 
zones ,  and  the  like . 

Of  importance  in  the  interpretation,  it  was  found  for  the  bnre  soil 
areas  that  the  blue  color  darkened  (increase  in  value  for  the  blue  hue) 
as  the  moisture  increased;  in  other  words,  darker  blue  areas  are  more 
wet.  This  occurred  independently  of  the  soil  type  and  the  soil  color, 
except  that  lighter  soils  had  a  tendency  to  be  of  a  lighter  blue  to 
start  with. 

Muck  pockets  and  high  organic  soils  were  not  as  easily  detected  and 
identified  in  comparison  to  color.  Highly  plastic  red  clays  in  the  lime- 
stone plains  were  rendered  in  different  hues  of  green  and  different 
values,  depending  on  their  reddishness  and  their  moisture  content.  Taking 
the  color  balance  shift  into  account,  these  clays  would  be  expected  to 
show  in  characteristic  hues  of  greenish  yellow  to  yellow  for  the  light 
brown-red  to  the  deep  red  clays  respectively.  Color  and  color  infrared 
both  were  of  equal  value  in  the  identification  of  red  clays. 

Figure  43(a)  shows  two  reduced  color  photos  corresponding  to  the 
original  color  infrared  and  color  frames.  Arrows  1  and  2  indicate  that 
the  color  infrared  film  is  poor  at  distinguishing  two  types  of  soils  hav- 
ing similar  moisture  conditions.  But  arrows  5  and  6  points  out  the  ,preat 
efficiency  of  color  infrared  to  detect  a  moisture  condition  either  of 
bare  soil  (arrow  5)  or  through  a  thin  vegetative  cover  (arrow  6).  Arrow 
3  shows  the  soil  boundary  that  was  indicated  by  arrow  1  as  continuing 
under  the  thin  vegetation  cover.  Arrow  k   indicates  stubble  ground. 
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COLOR      INFRARED 


COLOR 


(A)     [see  photo-map  l.lj 


COLOR       INFRARED 


COLOR 


(B)     [see  photo-map  2.2  1(C)] 


FIGURE  43.   COMPARISON  OF  COLOR  INFRARED  AND  COLOR 
PHOTOGRAPHY  IN  TERMS  OF  SOIL  MOISTURE 
CONDITIONS. 


150 


In  a  similar  manner,  Figure  U;i(b)  shows  that  moisture  distribution 
in  the  soils  can  be  detected  most  readily  on  the  infrared  color  film; 
refer  to  arrows  6  versus  arrows  k   ana  5.  Note  that  at  arrow  k   the  accum- 
ulation of  moisture  has  been  modified  at  the  field  boundary. 

Figure  ^l+(a)  is  also  an  example  of  how  color  infrared  film  records 
moist  areas:  refer  to  arrows  5  and  7-  Figure  Ul+(b)  indicates  a  condition 
of  highly  organic,  wet,  clayey  soil.  Arrows  1,  2  and  5  indicate  the 
range  in  wetness  of  the  area  as  recorded  on  infrared  film,  and  the  high 
organic  content  shown  by  dark  colors  on  the  color  photo.  Arrow  h  indi- 
cates ponded  water  more  readily  detected  on  color  infrared  film  than  on 
color,  but  also  detected  on  color. 

>.27  Black  and  White  Infrared  as  a  Film 
For  Mapping  Soils 

Black  and  white  infrared  film  was  evaluated  in  this  study.   It  >/as 
found  to  have  some  of  the  color  infrared  film  advantages.   It  emphasizes 
the  vegetation  (light  tones)  and  water  bodies  (dark  tones).   It  permit- 
to  detect  moist  zones  in  the  bare  soil  areas  but  not  as  accurately  as 
color  infrared  does.   It  was  found  to  be  very   poor  for  delineating  soi] 
boundaries:   very  little  and  often  no  contrast  at  all  occurred.   For  this 
reason,  the  black  and  white  infrared  was  not  used  in  this  study  for 
engineering  soil  mapping.   Filtering  by  the  Wratten  12  was  inadequate. 

3.28  Accuracy  of  Engineering  Soil  Mapping 
Engineering  soil  mapping  has  always  been  subject  to  the  question  of 
accuracy.   This  is  a  delicate  point.  Accuracy  is  a  very  relative  term 
which  supposes  the  existence  of  some  standard  to  gauge  the  accuracy  on 
some  point  or  another. 
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COLOR     INFRARED 


COLOR 


(A)     see  photo  map   2.2.2(C) 


COLOR    INFRARED 


COLOR 


(B)     [see  photo  map   2  3(C)] 


FIGURE  44    COMPARISON  OF  COLOR  INFRARED  AND  COLOR 
PHOTOGRAPHY   IN  TERMS  OF  SOIL  MOISTURE 
CONDITIONS. 
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The  role  of  engineering  soil  maps  was  explained  in  Chapter  1. 
Engineering  soil  maps  in  general  are  accurate  in  determining  and  locating 
engineering  soil  classes  on  a  broad  textural  basis.  They  are  accurate  in 
delineating  land  forms  and  therefore  parent-materials  related  to  land 
forms.  The  accuracy  is  limited  by  factors  such  as  the  scale  (both  photo 
scale  and  final  map  scale),  the  amount  of  field  correlation,  the  experi- 
ence and  ability  of  the  photo- interpreter  and  the  type  of  film  used  to 
obtain  the  information. 

This  study  indicates  that  the  best  film  for  mapping  of  engineering 
soils  is  color.  The  recommended  scale  for  detailed  engineering  soil 
mapping  is  1:12,000.  It  is  the  most  convenient  for  both  interpretation 
and  field  work.  If  the  mapping  is  to  be  reported  on  plans  and  profiles, 
the  photo  scale  should  be  compatible  with  the  plan  and  profile  scale  used 
in  the  project  and  should  not  be  smaller  than  1:6,000.  A  scale  of 
l:k,800  is  recommended. 

The  amount  of  soil  sampling  in  the  field  cannot  be  fixed  in  advance1; 
it  depends  entirely  on  the  interpreter's  experience  with  the  area,  his 
experience  as  a  photo-interpreter  in  general  and  the  type  of  terrain. 
A  starting  point  could  be  three  field  check  points  for  each  type  of  land 
form  or  each  conspicuous  soil  condition.  This  number  can  be  reduced  or 
augmented  as  a  better  understanding  of  the  area  is  acquired. 

3.29  A  Quantitative  Approach  to  Color  Interpretation 
In  the  first  phase  of  this  project,  Rib  developed  a  method  of  color 
coding  [87,  211]  which  was  used  in  this  study  for  designating  the  colors 
of  a  color  print.  A  color  photo  was  used  (frame  56,  shown  on  Figure 
U^(a))  and  the  photo  was  divided  into  l/2-inch  square  grids.  The  color 
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density  readings  were  taken  for  each  grid  point  with  the  visible,  blue, 
green  and  red  filters  on  a  reflection  densitometer  with  a  3  mm  aperture, 
as  was  used  in  Rib's  study. 

Two  hundred  and  twenty  one  points  were  measured  and  color  coded, 
following  the  method  indicated.  The  color  coding  was  successful  when 
comparing  the  points  on  the  photo  with  the  Munsell  Book  of  Color.  The 
result  is  a  three  dimensional  numerical  figure,  representing  the  hue- 
value-chroma.  The  method  was  found  to  be  of  little  practical  value  in 
terms  of  automatic  color  interpretation  at  this  stage  and  the  time  for 
measurement  of  density  values  and  computation  was  beyond  practical  time 
limits.  The  study  was  abandoned. 

3«3  Summary  of  Results 

During  this  study  on  engineering  soil  mapping  from  different  sources 
of  data,  five  maps  as  line  drawings  and  28  photo-maps  were  developed. 

It  was  found  that  the  geological  data  obtained  from  detailed  geolog- 
ical quadrangle  sheets  is  insufficient  as  a  unique  source  for  engineering 
soil  mapping.  It  was  found  that  pedological  data  assisted  by  engineering 
literature  on  pedological  significance  is  a  valid  approach  but  is  not 
sufficiently  representative  of  the  soils  and  terrain  conditions  to  be 
useful  as  a  unique  source  of  data  for  detailed  engineering  soil  mapping. 

Of  the  28  photo-maps,  five  were  at  a  small  scale  (1:20,000)  and 
covered  a  total  area  of  350  sq.  mi.  This  type  of  information  appeared 
to  be  necessary  for  developing  detailed  engineering  soil  mapping. 

Of  the  remaining  23  photo-maps,  nine  were  at  an  intermediate  scale 
of  1:12,000  for  a  total  area  of  131*-  sq.  mi.  The  others  were  at  1:4,800 
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scale  and  five  of  these  were  developed  by  interpretation  of  color  aerial 
photographs.  Infrared  color  and  black  and  white  infrared  films  were  also 
studied.  It  was  found  that  color  is  the  best  single  source  of  informa- 
tion for  engineering  soil  mapping.  The  best  combination  of  two  films  is 
color  and  color  infrared.  This  combination  enables,  in  all  cases  met  in 
this  study,  the  determination  of  the  moisture  conditions  of  the  soils  and 
the  intrinsic  color  of  the  soils.  None  of  these  two  films  can  do  this  by 
itself,  for  all  cases.  The  black  and  white  infrared  film  was  of  little 
value  for  engineering  soils  mapping,  with  the  filtering  that  was  used. 

The  optimum  scale  was  found  to  be  1:12,000  when  the  interpretation 
is  not  to  be  reported  on  standard  engineering  plans  and  profiles.  If 
reported  on  plans  and  profiles  the  optimum  scale  was  found  to  be  at  least 
1:6,000,  or  as  large  as  1:2, U00,  depending  on  the  scale  used  for  the  plans 
and  profiles  of  the  given  project. 

Time  of  interpretation  was  found  to  increase  very  much  with  an 
increase  of  the  photo  scale.  The  use  of  color  was  found  to  decrease  the 
time  of  interpretation  from  20  to  k0$> ,   at  a  scale  of  1:1+, 800. 
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CHAPTER  k 

MULTI SPECTRAL  IMAGERY  AS  A  SOURCE  FOR 
ENGINEERING  SOIL  MAPPING 


As  recommended  in  the  first  phase,  multispectral  imagery  was 
obtained  by  contract  from  the  University  of  Michigan.  The  study  route 
from  Indianapolis  to  Bedford  was  covered  in  two  single  flight  lines;  one 
north  to  south  at  an  altitude  of  .3200  feet,  the  second  south  to  north  at 
an  altitude  of  1600  feet.  The  imagery  was  obtained  in  fifteen  different 
bands  of  the  electromagnetic  spectrum  as  listed  on  Table  6. 

k.l     Scope 

This  chapter  covers  the  interpretation  of  the  multispectral  imagery 
Xj-j   three  different  techniques  (l)  by  visual  examination,  (2)   by  densito- 
metry on  the  negatives,  (j)   by  the  automatic  computer  classification  of 
spectral  signatures,  as  developed  by  the  Purdue  University  Laboratory  for 
Agricultural  Remote  Sensing  (LARS). 

The  spectral  reflectance  of  the  characteristic  materials  of  the 
study  area  was  investigated  in  the  laboratory.   Field  thermal  measure- 
ments were  conducted  and  an  attempt  to  statistically  evaluate  field 
variables  on  thermal  radiance  was  performed. 

k.2     Method  of  Study 

A  total  of  seven  days  were  used  to  collect  field  data  on  soil 

temperatures,  most  particularly  with  a  Barnes  PRT-U  portable  radiometer 
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TABLE  6 

SPECTRAL  BANDS  FOR  IMAGERY  OF  INDIANA  PROJECT 
AS  COLLECTED  BY  PROJECT  MICHIGAN  SCANNER 


RANGE  BAND  NUMBER  SPECTRAL  BANDWIDTH 

ultraviolet  -  Oo2-0.1+0  micron 

visible  (violet)  1  0.1+0-0.1+1+ 

visible  (blue)  2  O.M+-0. 1+6 

visible  3  0.1+6-0.14-6 

visible  (blue-green)  h  0.1+8-0.50 

visible  5  0.50-0.52 

visible  (green)  6  0.52-0.55 

visible  7  0.55-0.58 

visible  (yellow)  8  0.58-0. 62 

visible  (red)  9  0.62-0.66 

visible  (red)  10  0.66-0.72 

near  infrared  11  0.72-0.80 

near  infrared  12  0.80-1.00 

middle  infrared  -  1+.  50-5- 50 


far  infrared 


8. 00-11+.  00 


The  near  infrared  up  to  approximately  1.5  micron  is  also  called 
reflective  infrared.  See  Figure  9  for  the  other  arbitrary  divisions 
of  the  infrared. 
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measuring  the  thermal  radiance  of  soils,  in  the  8-lU  micron  region. 
These  readings  were  studied  in  combination  with  glass  thermometer  temper- 
atures and  moisture  content  of  the  surface  soils.  This  investigation  was 
the  object  of  a  statistical  analysis  and  the  results  are  reported. 

The  results  of  the  field  temperature  study  indicated  the  need  for 
knowing  more  about  the  cyclic  heat  history  of  different  soils.  For  this 
reason,  a  2^-hour  period  of  repeated  radiometer  and  glass  thermometer 
readings  was  undertaken  on  August  12,  19^7 •  Although  of  value,  these 
results  were  considered  incomplete  and  a  second  experiment  was  conducted, 
this  time  with  the  improved  Barnes  PRT-5  radiation  thermometer*.  Instead 
of  traveling  from  station  to  station  to  take  the  readings,  a  set  of 
twelve  l8"xl8"x8"  wooden  boxes  containing  the  representative  soils  studied 
in  August  were  laid  outside  the  Purdue  University  Civil  Engineering 
building.  Radiometer  readings,  glass  thermometer  temperatures  and 
moisture  contents  were  measured  every  thirty  minutes  for  a  period  of  US 
hours.  These  measurements  took  place  on  September  6  and  7,  19^8 .  The 
results  are  presented  and  discussed  in  a  later  section. 

It  was  stated  in  a  previous  section,  that  multi spectral  remote 
sensing  is  based  on  the  premise  that  materials  reflect  and  emit  energy 
each  in  their  own  way  and  that  study  of  the  reflectance  and  emittance 
properties  of  materials  would  result  in  "spectral  signatures"  characteris- 
tic of  each  material  or  each  class  of  similar  materials.   Spectral  signa- 
ture as  used  here  may  not  necessarily  be  a  unique  signature  for  each 
specific  material. 


Brand  names  of  instruments  are  indicated  only  to  inform  the  reader  of 
the  specific  instruments  used  in  this  study  and  do  not  imply  indorsement 
or  lack  thereof  of  this  or  any  other  similar  type  of  instrumentation. 


158 


In  order  to  study  the  reflectance  properties  of  the  typical  materials 
of  the  study  area,  samples  of  soils  and  rocks  were  selected  and  their 
spectral  reflectance  curves  were  developed  using  a  Beckman  DK-2A  reflec- 
tance spectrophotometer.  The  results  are  reported. 

b.J     Laboratory  Reflectance  Measurements 
The  special  study  on  reflectance  had  several  purposes:   (l)  to 
determine  if  the  soils  of  the  study  area  had  characteristic  spectral 
reflectance  signatures,  (2)  to  determine  how  much  variation  occurred  and 
(3)  to  determine  what  factors  influenced  the  reflectance. 

The  samples  used  were  of  three  types:   (l)  soil  clods  shaped  with 
a  spatula  to  fit  the  reflectance  spectrometer  sample  holder,  keeping  at 
least  three  faces  of  the  samples  with  natural  rough  surface,  (2)  rock 
specimens  of  the  characteristic  rock  formation  of  the  area,  namely  the 
Borden  siltstone  (weathered  and  unweathered) ,  the  Salem  limestone  and 
the  Harrodsburg  limestone,  having  at  least  three  natural  rough  surfaces 
and  three  surfaces  ground  flat  with  standard  80  mesh  grit,  and  (3)  samples 
of  the  soils  used  in  (l)  but  having  controlled  moisture  content  and 
mounted  in  special  glass  sample  holders. 

The  Beckman  DK-2A  reflectance  spectrometer  is  a  double  beam  ratio 
recording  spectrophotometer.  The  radiant  energies  reflected  by  the 
reference  and  the  sample  beams  are  compared  and  the  ratio  of  the  sample 
energy  to  the  reference  energy  is  recorded  as  a  percent  reflectance. 
Calibration  for  100  percent  reflectance  is  made  by  using  two  similar 
magnesium  oxide  reference  samples.  The  instrument  uses  an  integrating 
sphere  coated  with  magnesium  oxide  (MgO)  and  sums  up  the  energy  reflected 
in  all  directions.  Two  positions  are  possible  on  the  instrument  to 


159 


measure  the  total  reflectance  and  diffuse  reflectance.  In  this  study, 
the  total  reflectance  was  measured. 

Figure  U5  shows  the  results  of  reflectance  of  the  soil  samples 
(clods)  in  the  range  of  500  to  2500  millimicrons  (the  region  2500  to 
?700  millimicrons  should  be  neglected  because  of  the  fall-off  of  the 
calibration  curve  as  it  is  limited  by  the  detector  response  range;  see 
standard  curve  on  Figure  k 7-C ) .  The  numbers  in  the  legend  like  1,  13, 
15  indicate  the  sample  number  (see  data  and  sample  numbers  in  Appendix 
l).   The  letters  refer  to  separate  samples  of  a  given  soil;  like  13a, 
13b,  ljc  are  three  separate  specimens  of  soil  sample  1;3 . 

The  other  sample  characteristics  are  explained  on  Figure  k-5-     Note 
that  each  curve  is  the  average  of  three  measurements.  The  numbers  in 
parenthesis  near  each  curve  refer  to  the  moisture  contents.  Note  the 
water  absorption  bands  at  1900,  2300  and  2500  millimicrons. 

These  curves  indicate  the  following  results: 

1)  for  a  low  plasticity  clayey  silt  (CL-ML)  the  reflectance  is  not 
much  affected  by  the  surface  texture  except  if  it  becomes  very 
rough  (Figure  45-A) 

2)  for  higher  plasticity  silts  and  clays,  the  reflectance  is  more 
affected  by  the  surface  texture  and  the  higher  reflectance 
occurs  for  the  smoother  surface  (Figure  U5-B  and  C) 

3)  for  very  high  plasticity  red  clays  (CH)  the  reflectance  drops 
substantially  at  all  wavelengths  (Figure  45-D ) ;  this  is  partly 
explained  by  the  higher  moisture  content. 

h)      for  all  soil  samples,  moisture  content  is  a  major  factor  affect- 
ing reflectance;  the  higher  the  moisture  content  the  lower  the 
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reflectance  at  all  wavelengths.  The  moisture  content  appears 
to  be  a  more  important  factor  on  reflectance  than  surface 
texture . 
5)  for  the  range  of  wavelengths  investigated,  there  is  very  strong 
indication  that  each  soil  or  soil  class  does  have  a  reflectance 
curve  of  its  own  and  it  appears  to  be  correct  to  speak,  of  spec- 
tral signature,  but  the  moisture  content  does  complicate  the 
situation.  Further  study  is  required,  using  statistical  pro- 
cedures and  very  accurate  control  of  moisture,  in  order  to 
determine  soil  signatures  under  various  moisture  contents. 

Figure  k6   shows  the  results  of  reflectance  of  rock  samples  again  in 
the  range  500  to  2500  millimicrons.  The  type  of  rock  is  indicated  by 
the  first  two  digits  and  the  specimen  number  is  given  by  the  number  after 
the  decimal  point.  Letters  indicate  the  surface  and  moisture  conditions. 
From  these  curves  the  following  is  concluded: 

1)  for  the  siltstone  specimens,  the  smooth  surfaces  (using  #80 
polishing  abrasive)  show  a  higher  reflectance  than  rough  sur- 
faces (Figure  k6-A,   B) 

2)  for  the  siltstone  specimens,  the  degree  of  weathering  very 
highly  affects  the  reflectance;  in  Figure  U6-B  specimens  k 
and  5  were  weathered  to  a  darker  brown  and  specimens  1  and  2 
(light  yellow  brown)  were  less  weathered.  Thus,  as  the  degree 
of  weathering  increases,  it  appears  that  the  reflectance 
decreases, 

5)     for  the  limestone  specimens  used  the  surface  texture  did  not 
appreciably  affect  the  overall  reflectance, 


162 


I    </> 


163 


k)  moistening  of  the  surface  of  the  specimens  did  substantially 
decrease  the  reflectance  for  all  the  siltstone  and  limestone 
specimens . 

Figure  kl   shows  the  reflectance  curves  obtained  for  soils  at  con- 
trolled moisture  contents.  To  a  given  weight  of  soil,  a  measured  volume 
of  water  was  added  to  obtain  the  moisture  contents  of  5,  10,  15,  20  and 
30  percent.  The  samples  were  covered  and  stored  overnight  to  allow  for 
more  uniform  moisture  distribution.  The  reflectance  curves  were  then 
obtained  and  the  moisture  content  was  determined  by  the  oven  method. 
The  actual  moisture  contents  measured  appear  in  parenthesis  on  the 
respective  curves. 

The  curves  of  Figure  kl   show  a  consistent  decrease  of  reflectance 
with  an  increase  of  moisture.  The  decrease  in  reflectance  seems  to 
reach  a  threshold  at  around  20-30  percent  moisture,  as  can  be  inferred 
from  the  decrease  spacing  between  the  reflectance  curves  (see  Figure  kJA, 
C,  D  and  F).  The  curves  for  20  percent  and  30  percent  moisture  at  F  are 
reversed.  This  also  occurs  at  D  and  also  at  A.  This  is  unexplained  but 
a  tentative  opinion  is  that  as  the  water  fills  the  pores,  the  reflectance 
measured  is  composed  of  two  reflectances;  one  for  the  soil  grains,  one 
for  water.  It  so  happens  that  at  a  given  moisture  content  (probably  a 
function  of  grain  size  distribution,  pore  size,  pore  spacing  and  minerals 
present)  the  reflectance  for  water  becomes  the  major  component  and  the 
total  reflectance  starts  to  increase  again.  On  these  premises,  further 
research  is  justified. 
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k.k     Statistical  Analysis  of  Same  Field  Variables 
on  Infrared  Radiation 

Previous  to  and  following  the  day  the  multichannel  imagery  was 
obtained,  field  information,  generally  referred  to  as  "ground  truth," 
was  gathered  on  the  soil  and  rock  temperatures  and  other  factors  that 
influence  the  infrared  radiation. 

For  this  purpose  a  Barnes  PRT-U  portable  radiation  thermometer  was 
used.  The  Barnes  portable  radiometer  is  a  thermistor  bolometer  type  of 
instrument  which  measures  the  apparent  temperature  in  the  8-11*.  micron 
region.  The  active  element  in  the  thermistor  bolometer  is  a  thin  semi- 
conductor film  which  operates  by  virtue  of  resistance  change  produced  by 
the  incident  radiation.  A  normal  bolometer  bridge  circuit  includes  two 
identical  thermistor  elements  mounted  on  the  same  base  for  compensation 
of  changes  in  ambient  temperature;  one  is  the  active  element  and  is 
exposed  to  radiation,  the  other  is  shielded. 

A  total  of  28  different  test  sites  (also  called  stations  in  this 
report  and  on  some  of  the  figures)  were  selected.  They  were  selected  as 
a  set  of  representative  areas  of  the  characteristic  soils  for  the  study 
route  and  had  to  meet  certain  requirements  such  as  accessibility,  flat- 
ness and  clearness,  availability  during  the  whole  study  period,  and 
uniformity  of  the  material.  These  sites  are  further  described  in 
Appendix  2. 

On  each  test  site,  radiometer  readings  were  taken,  as  well  as  glass 
thermometer  temperature  readings,  at  one  half  and  four  inch  depths  for 
soil  and  at  the  surface  for  the  rock  test  sites.  The  purpose  was  to 
study  the  validity  of  using  the  glass  thermometer  as  compared  to  the 
radiometer  readings  to  measure  surface  temperatures  and  also  to  study 
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the  influencing  factors . 

The  original  idea  was  to  use  several  portable  radiometers  but  prob- 
lems of  availability  of  such  instruments  hampered  the  experiment  quite 
seriously.  It  was  thought  that  by  using  several  glass  thermometers  and 
by  spot-checking  with  the  radiometer,  it  would  be  possible  to  obtain 
sufficient  field  information  on  ground  temperature  variations,  for  com- 
parison with  the  thermal  infrared  (8-lit-  micron  region)  imagery. 

Another  problem  was  the  poor  accessibility  to  the  study  area.  Each 
time  the  investigator  wanted  to  reach  the  study  grounds,  a  distance  of 
60  miles  had  to  be  travelled  to  the  northern  end  of  the  study  strip 
which  then  extended  70  miles  further  south.  Thus,  each  day  of  field 
data  collection  included  a  bare  minimum  of  200  miles  of  travelling,  plus 
of  course,  travelling  back  and  forth  between  the  test  sites,  if  more 
than  one  set  of  readings  were  to  be  collected.  The  problem  of  inaccess- 
ibility of  the  study  area  was  considered  to  be  a  major  one. 

In  addition  to  the  radiometer  readings  and  glass  thermometer 
temperatures,  samples  for  moisture  content  were  collected,  and  all  avail- 
able ground  conditions  such  as  wind  conditions  and  estimated  percentage 
of  cloud  cover  were  gathered. 

Numerous  plots  and  graphs  were  prepared  based  on  this  data  and 
major  trends  were  evaluated.  For  this  purpose,  the  radiometer  readings 
or  apparent  temperatures  were  first  compared  to  the  glass  thermometer 
temperatures  and  then  moisture  changes  were  studied  as  a  function  of 
apparent  temperatures  (radiometer  readings). 

From  the  basic  radiation  laws  and  particularly  from  Stefan-Boltzmann 
law,  W  =  coT  (equation  2.5),  there  is  a  direct  relationship  between  the 
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temperature  T  and  the  energy  radiated  W.  Assuming  that  the  radiometer  is 

correctly  calibrated,  there  should  be  for  a  given  emissivity  a  direct 

relationship  between  the  temperature  of  the  scene  filling  the  field  of 

view  (or  the  resolution  patch)  and  the  apparent  temperature  read  on  the 

instrument.   Without  entering  the  domain  of  infrared  radiometers  design 

it  can  be  said  that  the  detector  in  a  radiometer  measures  the  difference 

AW  between  the  source  radiation  energy  focused  on  the  detector  and  the 

radiant  energy  reference  level  inside  the  radiometer.   This  is  expressed 

by 

AW  =  W  -  W  (It.l) 

s    r 

where  W  is  the  source  energy  upon  the  detector  and  W  is  the  radiant 

energy  reference  level  or  internal  radiometer  calibration  reference. 

The  voltage  output  of  the  detector  is  proportional  to  AW  according  to 

AV  =  RAW  (k.2) 

where  AV  is  the  voltage  produced  by  AW  and  R  is  the  "responsivity"  of 

the  detector,  which  defines  the  voltage  output  from  the  detector  for  each 

radiant  energy  unit  focused  upon  it. 

With  these  basic  considerations  in  mind,  it  can  be  suspected  that 
if  glass  thermometers  actually  measure  the  scene  temperature  properly, 
there  should  be  a  direct  relationship  between  glass  thermometer  tempera- 
tures and  apparent  temperatures  as  measured  by  the  radiometer.  In  other 
words,  the  values  for  a  given  material  should  plot  linearly  on  a  U5 
degree  line  and  if  they  do  not,  then  the  theoretical  consideration  is 
still  valid  but  factors  affecting  measurements  ought  to  be  the  object  of 
further  considerations  and  studies. 

This  is  precisely  what  happens  when  plotting  the  radiometer  apparent 
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temperatures  against  the  temperature  of  soils  and  rocks.  Figures  US  to 
53  are  reproduced  to  illustrate  this  point. 

The  radiometer  readings  were  taken  by  holding  the  radiometer  head 
at  a  U5  degree  angle  and  pointing  successively  in  the  four  directions — 
north,  east,  south  and  west,  as  indicated  on  each  of  the  graphs  of 
Figures  kd   to  52.  At  the  same  time,  two  glass  thermometer  readings  were 
taken;  one  for  a  thermometer  buried  at  one-half  inch  in  the  soil,  the 
second  buried  at  four  inches  with  the  stem  sticking  out  of  the  ground. 
For  the  rock  outcrops,  the  glass  thermometer  was  laid  in  contact  with 
the  rock  surface. 

Figure  k8   illustrates  the  results  for  the  four  different  directions 
of  reading  the  radiometer  measurements  for  a  silt  loam  at  test  sites  1 
to  5.  On  each  graph,  an  equation  for  the  line  of  best  fit  by  the  least 
square  method  was  computed.  These  graphs  were  obtained  from  a  Weighed 
Regression  Analysis  Program  (WRAP)  for  computing  the  linear  regression 
equation,  the  correlation  coefficient  (r)  and  the  standard  error  (STD. 
ERR.)  for  the  b  term.  The  plotting  was  executed  with  the  aid  of  a 
computer  program  called  PLOT,  assembled  by  A.  K.  Turner,  Civil  Engi- 
neering, Purdue  University,  which  consisted  of  assembling  subroutines 
provided  by  CALCOMP  and  developed  for  the  CALCOMP  model  563  digital 
incremental  plotter. 

On  these  graphs,  a  linear  regression  equation  of  the  first  degree 

is  given  for  each  set  of  data.  The  general  form  is 

Y  =  bn  x  +  b  (U.3) 

1      o 

where  the  y-term  is  replaced  by  the  radiometer  readings  (RR)  (units  are 

in  micro-watts  per  square  centimeter)  and  the  x-term  is  replaced  by  (T) 
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for  the  glass  thermometer  temperature  in  degrees  Celtius.   (n)  represents 
the  number  of  measurements. 

Figure  k&   indicates  a  fairly  large  spread  of  the  data  points.  One 
would  expect  a  set  of  points  close  if  not  on  line,  according  to  the 
premise  previously  mentioned.  It  also  shows  that  the  data  points  appear 
in  clusters,  indicating  that  different  overall  conditions  prevailed 
between  the  sets  of  readings.  Figures  k9   and  50  indicate  somewhat  simi- 
lar results  for  red  clay,  with  a  wider  range  of  variability  for  glass 
thermometer  values  measured  at  a  four  inch  depth.  By  superposition  of 
these  two  figures  one  would  find  the  average  temperature  lag  between  the 
one-half  inch  depth  and  the  four  inch  depth  readings. 

Figures  51  and  52  indicate  similar  results  except  that  the  four  inch 
depth  readings,  as  indicated  by  the  steeper  slope  of  curves  on  Figure  52, 
aenote  a  different  rate  of  change  in  the  soil  temperatures:  in  other 
words  the  glass  thermometer  values  varied  on  a  much  narrower  range  for 
the  silt  than  for  the  clay  (see  Figure  50).  On  closer  examination  of 
the  field  data,  it  was  found  that  the  water  table  was  very  high  (near 
the  surface)  for  test  sites  25  and  26,  which  explains  the  different  slope. 

Figure  55  illustrates  the  results  obtained  for  three  types  of  rocks. 
These  curves  indicate  a  different  behavior  for  rocks  than  for  soils  and 
greater  temperatures  for  the  weathered  Borden  siltstone  (brown)  than  for 
the  unweathered  siltstone  (gray)  and  the  limestone  (white). 

From  these  measurements  and  other  field  information  one  could  sum- 
marize the  field  results  as  follows: 

1.  The  direction  of  radiometer  readings  did  not  change  the  results 
appreciably,  indicating  a  Lambertian  surface  for  the  materials 
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studied.  Thus  any  direction  is  valid  and  can  be  used  in  other 
experiments,  as  long  as  the  ground  surface  is  level  or  is  very 
close  to  level. 

2.  The  effect  of  wind  was  found  to  be  critical  on  the  radiometer 
readings:   all  sites  showed  the  same  apparent  temperature  on 
days  of  high  wind  velocities.  A  value  of  10  mph  is  indicated 
above  which  apparent  temperature  measurements  are  not  usable. 

3-  The  moisture  content  of  soils  varied  as  an  inverse  function  with 
the  apparent  temperature  and  appeared  to  be  a  most  important 
factor  on  the  temperature. 

k.     The  use  of  a  radiometer  is  not  as  simple  as  it  may  seem;  the 

readings  can  be  affected  by  small  changes  in  surface  texture  due 
to  plowing  practice,  size  of  surface  soil  clods,  presence  of 
minor  amounts  of  green  vegetation  on  a  supposedly  clean  bare 
soil  target  area.  These  factors  affect  the  readings  in  that 
they  tend  to  lower  the  average  apparent  temperature  of  the 
target  filling  the  field  of  view,  due  to  shadows  created,  or 
due  to  small  spots  of  higher  moisture  content. 

5-  The  clustering  of  the  data  points  also  indicates  the  importance 
of  the  environmental  conditions.  The  soil  moisture,  the  wind 
velocity,  the  time  of  day,  the  amount  of  dew  and  the  previous 
weather  and  precipitation  over  the  site  principally  affect  the 
results. 

In  an  attempt  to  correlate  some  of  these  field  conditions  between 
each  other,  a  multiple  linear  correlation  and  regression  analysis  was 
used  in  which  the  field  data  was  used  as  the  input.  The  approach  was 


177 


intended  to  indicate  trends  only  and  not  to  procure  a  model  of  soil  radi- 
ation behavior  because  it  was  known  ahead  of  time  that  the  field  informa- 
tion was  too  fragmental.  The  principal  purpose  was  to  investigate  among 
the  variables  measured  which  factors  seemed  to  influence  the  average 
radiometer  readings,  in  what  sequential  order  of  importance. 

The  Purdue  University  IBM  7094  electronic  computer  was  used  for 
these  calculations  and  the  BIMD-2R,  Stepwise  Regression  Analysis  computer 
program  prepared  by  the  Health  Sciences  Computing  Facility  at  the  Univer- 
sity of  California  at  Los  Angeles  was  utilized  to  obtain  the  correlation 
coefficients  between  the  variables. 

The  variables  considered  are  listed  on  Table  7.  The  average  radiom- 
eter reading  was  the  dependent  variable.  All  variables  are  self  explan- 
atory except  for  the  grain  size  factor  (GSF)  and  the  soil  texture  factor 
(TEXT).  These  were  based  on  field  data  collected  at  the  time  of  the 
experiment.  The  GSF  factor  was  scaled  1  to  10  for  clay  soils  to  gravels 
respectively  and  intermediate  soils  were  given  intermediate  values.  The 
TEXT  factor  was  also  scaled  1  to  10  to  represent  very  flat,  smooth, 
uniform  surfaces  to  rough,  bumpy  surface  and/or  rough  plowing  with  deep 
furrows;  again  intermediate  terms  were  given  intermediate  values. 
Although  this  approach  may  not  seem  highly  rigorous  as  it  is  based  on  an 
estimation,  it  is  sufficiently  accurate  to  indicate  trends. 

The  correlation  coefficients  are  given  on  Table  8,  in  a  correlation 
matrix  form.   From  this  correlation  matrix,  simple  correlation  coeffi- 
cients were  obtained.  Figures  51*  and  55  are  cluster  diagrams  as 
devised  by  Krumbein  and  Imbrie  [120]  to  show  the  relation  between  the 
correlation  coefficients  for  given  sets  of  variables.  Figure  54  indicates 
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TABLE  7 


LIST  OF  VARIABLES  USED  IN  THE  CORRELATION  COEFFICIENT  STUDY 


Variable  No. 


Description 


Abbreviated  Fonr: 


2 
3 

k 
5 

6 
7 
8 
9 
10 

11 


average  radiometer  reading 
of  all  four  directions. 

radiometer  reading  facing  North 

radiometer  reading  facing  East 

radiometer  reading  facing  South 

radiometer  reading  facing  West 

soil  temperature  at  ^-inch  depth 

soil  temperature  at  k- inch  depth 

soil  moisture  at  -i-inch  depth 

soil  moisture  at  l+-inch  depth 

grain  size  factor 

soil  texture  factor 


avg. 


RR 
n 

RP. 
e 

RR 
s 

RR 
w 

TU" 
Wi" 
WV 
GSF 
TEXT 


For  each  reading,  the  radiometer  head  was  held  at  a  1+5  degree  angle, 
at  a  distance  of  5  feet  from  the  ground  and  aimed  at  the  same  patch 
of  ground,  from  each  direction — north,  east,  south  and  west. 
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R  R  AVG.      Average    of    radiometer     readings     as     read      pointing 

towords    the    four    directions   North,  South,  East,or  West. 

r:      correlation      coefficient 


FIGURE    54.      CLUSTER       DIAGRAM     OF     SIMPLE 
CORRELATION     COEFFICIENTS     FOR     THE     FOUR 
DIRECTIONS     OF     RADIOMETER     READINGS     ON     SOILS 
TARGETS. 
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RR   AVG 

Ti" 


Wi" 
W4" 
GSF 
TEXT 

r 


Average     radiometer    reading 

Glass    thermometer    temperature    taken   at    1/2"    depth 

Glass    thermometer   temperature   taken  at    4"     depth 

Soil     moisture     content    at    1/2"   depth 

Soil    moisture     content    at     4"    depth 

Grain    size    factor 

Soil    texture 

Correlation    coefficient 


FIGURE    55    CLUSTER     DIAGRAM      OF     SIMPLE 
CORRELATION     COEFFICIENTS     FOR     DIFFERENT     FACTORS 
INFLUENCING    THE     APPARENT    TEMPERATURE 
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very  high  correlation  between  the  radiometer  readings  for  the  four  direc- 
tions within  and  among  themselves  and  of  course  with  the  average.   From 
these  results  it  appears  that  there  is  no  preferential  direction  and 
that  any  direction  for  all  practical  purposes  is  valid,  as  long  as  the 
surface  being  measured  is  flat.   For  practical  reasons  and  for  repro- 
ducibility, the  same  direction  should  be  used  at  all  times.  It  should 
be  noted  that  this  investigation  took,  into  account  the  geographic  direc- 
tions north-south-east-west  only  and  it  did  not  consider  what  would  be 
the  outcome  if  directions  like  'facing  the  sun,'  'away  from  the  sun'  and 
the  directions  perpendicular  to  these  two  were  to  be  considered.  The 
whole  problem  at  stake  is  polarization  and  surface  texture  effects.   It 
is  suspected  that  infrared  radiometer  measurements  alone  may  not  be  able 
to  solve  this  problem, but  a  polarimeter  or  a  polarized  radiometer  could 
possibly  yield  more  indicative  results. 

Figure  55  is  a  cluster  diagram  for  the  correlation  coefficients  of 
the  other  variables.  This  figure  indicates  a  very  high  correlation  of 
the  average  radiometer  reading  with  temperature  at  |-inch  depth.  It 
indicates  a  high  negative  correlation  with  the  moisture  content  at  ^--inch 
depth.  The  other  variables  are  shown  to  be  nearly  insignificant,  but 
this  approach  may  not  show  all  of  the  subtleties  involved. 

These  data  show  that  ground  data  must  be  collected  at  the  time 
imagery  is  obtained  and,  ideally,  for  the  few  days  previous  to  the  flight 
mission.  It  assists  in  evaluating  the  soil  conditions  and  radiation 
behavior.  It  proved  the  major  influence  of  water,  the  adversity  of 
strong  winds,  the  field  problems  related  to  ground  truth  collection  and 
the  necessity  of  a  better  understanding  of  the  diurnal  radiation  behavior 
of  soils  and  rock  surfaces. 
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k.5     Field  Infrared  Radiation  Measurements 
In  order  to  better  understand  the  diurnal  thermal  radiation  behavior 
of  typical  soils  of  the  study  area,  two  separate  experiments  were  con- 
ducted on  a  daily  basis  in  order  to  obtain  radiometer  readings  at  close 
intervals.  After  examination  of  the  previous  statistical  approach,  it 
was  obvious  that  things  were  happening  in  time  that  could  not  be  reflec- 
ted by  statistical  correlation  or  by  smoothening  of  curves  and  averaging 
of  values.  Although  the  statistical  methods  helped  establish  certain 
conclusions,  variations  in  terms  of  time  of  day  (hours)  were  obviously 
left  out.  These  two  experiments  were  conducted  to  procure  (l)  a  better 
understanding  of  soils  diurnal  thermal  phenomena  (2)  an  evaluation  of 
factors  influencing  thermal  radiation  and  (3)  additional  information  on 
the  optimum  time  for  taking  far  infrared  imagery. 

1+.51  Field  Measurements  of  August  12-13,  1967 
The  first  experiment  was  designed  to  take  radiometer  readings,  with 
the  Barnes  PRT-li  instrument,  every  hour,  on  eight  different  targets,  over 
a  period  of  2k   hours  or  longer  if  possible.  Problems  were  encountered 
during  this  experiment:  problem  of  poor  portability  of  the  instrument 
(the  PRT-i;  weighs  2b. 5  pounds,  the  DC-AC  inverter  about  8  pounds,  and  a 
12- volt  battery  about  20-25  pounds)  combined  with  the  problem  of  taking 
notes  as  well  as  problems  of  traffic  on  Highway-37  at  peak  hours.  Two 
persons  were  required  to  conduct  the  experiment  and  a  car  was  utilized 
to  travel  between  the  test  sites. 

The  results  of  this  2k   hour  experiment  are  illustrated  on  Figure  56. 
From  these  curves  the  following  remarks  can  be  stated: 
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(1)  All  materials  showed,  as  expected,  a  similar  set  of  sinusoidal 
daily  temperature  change,  but  the  maximum  temperature  levels 
differed  substantially. 

(2)  The  morning  temperatures  for  all  the  materials  were  about  the 
same,  within  a  range  of  four  degrees  Celtius.   The  maximum 
temperatures  varied  over  12  degrees  and  more;  since  the  maxi- 
mum temperature  for  red  clay  was  not  attained,  the  total  range 
could  not  be  ascertained. 

(3)  The  temperature  for  the  moist  silt,  at  stations  25  and  26,  was 
found  to  be  five  degrees  cooler  than  the  dry  silt  at  the  same 
stations.   Also,  the  rate  of  cooling  for  the  dry  silt  was 
greater  than  for  the  moist  silt:   this  can  be  observed  by  the 
lag  or  delay  of  the  cooling  curve  for  moist  silt  and  its  slope. 
Temperature  inversion  points  for  these  two  conditions  were  found 
at  5=30  P.M.  and  9=30  a.m. 

(U)  Concrete  and  three  different  limestone  outcrops  had  somewhat 
similar  behavior  and  peak  temperatures  and  they  could  not,  for 
all  practical  purpose,  be  differentiated  on  the  basis  of  their 
peak  temperature. 

(5)  The  red  clay  was  much  warmer  than  the  other  materials  and  the 
instrument  dial  read  off  scale. 

(6)  The  siltstone  was  a  little  warmer  than  the  limestones  and  con- 
crete but  cooler  than  the  red  clay  at  peak  temperature . 

(7)  There  is  an  indication  that  the  darker  the  color  of  the  sub- 
stances, the  warmer  they  can  get;  but  this  applies  only  to 
relatively  dry  materials.  Moisture  is  shown  to  be  a  major 
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factor  that  may  possibly  change  the  order  of  things.  Further 
study  is  needed  at  this  stage  for  supporting  this  point. 
(8)  The  temperature  inversion  times  are  considered  to  be  important: 
they  are  listed  below  for  the  respective  materials  investigated. 
The  inversion  temperature  in  degrees  Celtius  is  given  in  paren- 
thesis. 


a  -  dry  silt-wet  silt      :     7:30  pm  and  9: 30  am 

(17.5)     (2U) 

b  -  dry  silt-limestones    :     6:00  am  and  9:30  am 

(13.5)     (26) 

c  -  dry  silt-red  clay      :     N.A.       N.A. 

d  -  dry  silt-siltstone     :     6:30  am  and  10:00  am 

(lfc.5)     (29) 

e  -  wet  silt-limestones    :     7:30  am  and  9:30  am 

(13.5)      (28) 

f  -  wet  silt-red  clay     :     N.A.       N.A. 

e  -  wet  silt-siltstone     :     6:00  am  and  10:00  am 

(13)       (26.5) 

h  -  limestones -red  clay    :   [3:30-5:00  pm]  [3:30-6:30  am] 

(38.5-33)    (tt.5-18) 

i  -  limestones-siltstone   :   [5:00-8:30  pm]  [3:30-10:00  am] 

(37-26)     (15-36) 

i  -  red  clay-siltstone     :     *k30  pm  and  U:00  am 

(37)       (U.5) 


These  data  show  the  temperature  inversion  times,  as  obtained 
by  superposition  of  radiometer  apparent  temperature  curves, 
indicate  not  only  a  spread  of  hours  of  the  day  but  also  a 
spread  of  inversion  temperature  values  as  well.  If  the  point 
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of  temperature  inversion  is  evoked  to  indicate  a  best  time  for 
taking  infrared  imagery,  the  results  here  indicate  that  this  is 
valid  for  dry  and  wet  materials  of  a  similar  nature  but  it  is 
not  clear  that  it  can  be  extended  to  materials  of  a  different 
nature . 
(9)  It  appears  that  the  time  at  which  peak  temperatures  occur  is 
believed  to  be  the  optimum  time  for  taking  imagery  for  the 
purpose  of  distinguishing  materials  on  the  basis  of  their  maxi- 
mum temperature,  but  this  not  true  for  all  materials.  The 
peak  temperature  time  range  for  the  materials  investigated  was 
from  1:00  to  3:00  pm.  These  data  indicate  that  more  has  to  be 
known  on  soils  heat  capacity  under  different  field  conditions. 
(10)  The  after- sunset  and  pre-dawn  period  (for  August  12-13,  1967, 

this  was  from  10:00  pm  to  6:00  am)  seems  to  be  of  major  interest 
in  terms  of  "quiet"  infrared  behavior  of  materials:  the  cool- 
ing is  at  a  minimum  and  the  direct  solar  energy  complicating 
effects  are  absent.  Figure  56  shows  that  limestone  and  con- 
crete are  warmer  and  thus  they  could  be  detected  before  dawn. 

if -5  -2  Field  Measurements  of  September  6-7,  1968 
From  the  above  results,  it  was  felt  that  other  diurnal  measurements 
should  be  obtained  with  more  numerous  moisture  content  measurements, 
better  weather  records  and  a  longer  elapsed  time  for  the  experiment. 
Measurements  over  a  continuous  period  of  two  days  were  undertaken. 

Due  to  the  difficulties  encountered  in  the  field  for  the  August  12-13, 
1967  measurements  ranging  from  high  density  traffic  road,  inconvenient 
lighting  for  reading  tb*  instrument  at  night,  power  supply  problem  to  the 
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fact  of  having  just  one  radiometer  to  constantly  monitor  several  targets, 
it  was  then  decided  to  run  the  experiment  at  one  single  place. 

The  experiment  was  conducted  on  the  west  side  lawn  near  the  Civil 
Engineering  building,  Purdue  University,  during  the  1+8-hour  period  of 
September  6  and  7,  1968.  Plywood  boxes  (l8"xl8"x8")  were  made  to  contain 
large  samples  of  the  representative  soils  of  the  study  area  and  other 
contrasting  materials  as  shown  in  Figure  57. 

The  prevailing  weather  for  September  6th  was  sunny  with  clear  skies, 
except  for  an  estimated  30-^0  percent  cumulus  cover  at  3:30  pm  which  had 
completely  disappeared  by  7:30  pm.  Winds  were  0-5  mph  from  the  west  and 
were  as  high  as  Ik   mph  at  the  nearby  Purdue  farm  at  noon.  Because  of 
tall  buildings  surrounding  the  test  site  no  major  wind  effect  was  recorded. 
Dew  was  first  noticed  at  2:30  am  (September  7th)  and  reached  a  maximum 
at  7:30  am. 

The  prevailing  weather  for  September  7,  19^8  was  sunny  with  clear 
skies.  Cirrus  clouds  were  noticed  at  noon  time.  Gusts  of  wind  were 
also  observed  at  the  same  time  and  affected  the  apparent  temperature 
readings.  They  were  estimated  at  the  site  to  be  between  5  and  10  mph. 
At  the  Purdue  Agronomy  Farm  the  fastest  passing  mile  of  wind  was  recorded 
to  be  10  mph.  The  cloud  cover  at  3:30  was  estimated  at  30-UO  percent 
and  at  7:30  pm  it  increased  to  an  estimated  60-70  percent  but  was  less 
than  about  15  percent  at  9:00  pm  (see  Appendix  3). 

Table  9  lists  the  materials  studied  and  their  conditions.  The  dry 
samples  were  oven  dried  for  2k   hours  and  cooled  to  ambient  temperature 
before  the  experiment.  The  wet  samples  were  water  saturated  to  the 
point  where  water  was  nearly  ponded  on  the  surface.  The  moist  samples 
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(a) 


(b) 


FIGURE    57       FIELD       INFRARED       RADIATION 
MEASUREMENTS      WITH     A     BARNES      PRT-5 
RADIOMETER,    ON     SEPT  6-7,     1968 
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TABLE  9 


MATERIALS  STUDIED  IN 

THE  SEPT  '68 

APPARENT  TEMPERATURE  EXPERIMENT 

Box  No. 

Material 

Conditions 

Test  Site  No.  or 
Origin 

Thermometers 

1 

silt 

dry 

25-26 

3 

2 

silt 

moist 

25-26 

3 

5 

silt 

wet 

25-26 

* 

k 

silt 

dry 

15 

3 

5 

red  clay 

dry 

19-20-21 

1+ 

6 

red  clay 

moist 

19-20-21 

k 

7 

red  clay 

wet 

19-20-21 

3 

8 

silt 

moist 

15 

3 

9 

muck 

dry 

N.  of  W.  Lafayette 

3 

10 

muck 

wet 

N .  of  W.  Lafayette 

3 

11 

•£"  pea  gravel 

dry 

Verplank  Plant,  W.  Laf. 

3 

12 

sand 

dry 

6 

3 

13 

cardboard  box 

white  &  dry 

- 

l 

Ik 

cardboard  box 

red  &  dry 

- 

1 

15 

cardboard  box 

black  &  dry 

- 

1 

16 

dolostone 

dry 

Delphi  quarry 

l 

IT 

£"  pea  gravel 

white  &  dry 

Verplank  Plant,  W.  Laf. 

l 

18 

■£"  pea  gravel 

red  &  dry 

Verplank  Plant,  W.  Laf. 

l 

19 

■£"  pea  gravel 

black  &  dry 

Verplank  Plant,  W.  Laf. 

l 

20 

dolostone 

dry 

Delphi  quarry 

l 

21 

1"  gravel 

white  &  dry 

Verplank  Plant,  W.  Laf. 

1 

22 

1"  gravel 

red  &  dry 

Verplank  Plant,  W.  Laf. 

1 

23 

1"  gravel 

black  &  dry 

Verplank  Plant,  W.  Laf. 

l 

2k 

coal 

dry 

- 

l 

25 

grass 

- 

- 

0 
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were  at  the  field  moisture  content,  as  collected  a  few  days  before.  The 
moist  samples  were  kept  covered  until  they  were  exposed  at  the  site  one 
day  before  the  experiment. 

Glass  thermometers  were  used  to  monitor  the  temperature  at  different 
depths  of  the  soil  samples.  The  wooden  boxes  were  drilled  at  3A"  .  2-l/V 
and  k-l/2"   on  one  side  to  insert  the  glass  thermometers  (see  Figure  57-a). 
The  overall  experiment  set-up  is  illustrated  in  Figure  57-b. 

Moisture  contents  were  checked  periodically  over  the  48-hour  experi- 
ment by  taking  small  soil  samples  at  the  surface  of  each  box  by  scraping 
gently  with  a  spoon  the  one  quarter  inch  top  layer.  The  samples  were 
small  and  did  not  seem  to  noticeably  affect  the  sample  equilibrium  nor 
the  apparent  temperature.  The  moisture  was  determined  by  the  standard 
24-hour  oven  dry  loss  method.  All  the  sample  boxes  that  contained  moist 
and  very  wet  soils  were  laid  outside  for  a  period  of  one  day  previous  to 
the  experiment  to  reach  equilibrium.  The  apparent  temperature  was  meas- 
ured with  a  Barnes  PRT-5  thermistor  bolometer  radiation  thermometer  oper- 
ating on  AC  current  (110  volts)  and  recording  radiation  in  the  8-14 
micron  band.  The  instrument  is  essentially  based  on  the  same  principle 
and  fabrication  as  for  the  PRT-4  but  was  found  to  be  much  more  stable, 
of  overall  improved  design  and  much  easier  to  handle.  It  has  an  improved 
three-level  temperature  scale  and  the  appropriate  level  is  selected  by 
a  switch. 

4.53  Results  of  the  September  6-7,  1968 
Apparent  Temperature  Experiment 

Figures  58  to  60  illustrate  the  apparent  temperature  results  obtained. 

They  also  indicate  the  glass  thermometer  temperatures  at  the  one-quarter 
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noon        6      midnight      6         noon         6      mioWghl       6        noon     noon        6      midnight      6         noon         6      r™d™ght       6        noon 
TIME  OF  DAY  TIME  OF  r^Y 


noon        6       midnight       6         noon  6       midnight        6         noon       noon        6      midnight       6         noon  6       midnight       6         noon 

TIME  OF  DAY  TIME  OF  DAY 

FIG.  58     APPARENT  TEMPERATURE(8-14M)  vs  TIME  OF  DAY 
FOR  VARIOUS  MATERIALS 

Recorded  September6-7  1968  with  the  BARNES  PRT-5  Radiometer 
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Red  clay(A-7-6)  CH 

70 

".     APPARENT 

"•"          TEMPERATURE 

Box  5 

Test  site  21 

_~    ACTUAL 

"**"         TEMPERATURE 

_    MOISTURE 

- 

~&~                CONTENT 

t> 

60 

7 

r\ 

i 

3 

50 

J    \ 

/      \                                fi 

:• 

■ 

m 

40 

\  /      \ai    r        /  V/'" 

rf 

u  1       ®Y°   vt,     /    Y. 

10 

^      A    y/   A 

20 

I     \  ®                r       \        /           ^***_c*af»r 

10 

noon        6      midnight       6         noon  6       midnight       6         noon      noon        6      midnight       6         noon  6       midnight       6         noon 

TIME  OF  DAY  TIME  OF  DAY 


Silty  clay(A-6)CLML 

APPARENT  I      n  (~\ 

7~  TEMPERAlURE         DOX       X 

~_  ACTUAl  ^ 

'*-       TEMPtCAiukE      Jest  site  15 

MOISTURE 


noon        6      midnight       6         noon  6       miohtghf        6         noon      noon        6      midnight       6         noon  6       midnight        6 


TIME  OF  DAY 


TIME  OF  DAY 


FIG.  59     APPARENT  TEMPERATURE (8-14u)  vs  TIME  OF  DAY 
FOR  VARIOUS  MATERIALS 

Recorded  Ceplemberd  7  1968  with  the  BARNES   PRI  5  Radiometer 
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Organic  soil  (muck) 

Box    9 


Organic  soil  (muck) 


noon        6      midnighl      6         noon         6      midnight       6        noon      noon        6      midnight      6         noon         6      midnight       6        noon 
TIME  OF  DAY  TIME  OF  DAY 


b;„  !~r«,„J    VERPLANK 

>/4  in.  Gravel      aANT 

APTARtNT  n  «  « 

"*"  IEMPEBAILIBE    '      DOX        I 

ACIUAl  '    ' 

lEMPtBAiuBF    W  Lafayette 


6      midnight      6         noon         6      midnight       6        noon      noon        6      midnight      6         noon         6      midnghl       6        noon 
TIME  OF  DAY  TIME  OF  DAY 

FIG.  60     APPARENT  TEMPERATURE (8"14p)  vs  TIME  OF  DAY 
FOR  VARIOUS  MATERIALS 

Recorded  September6-7, 1968  with  the  BARNES  PRT-5  Radiometer 
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inch  depth  and  the  moisture  variation  over  a  1+8  hour  period.  From  these 
results  the  following  general  conclusions  are  drawn: 

(1)  All  materials  again  showed  the  typical  sinusoidal  curves  follow- 
ing the  daily  temperature  variation. 

(2)  The  moisture  variation  also  followed  a  rough  sinusoidal  behavior 
but  this  variation  was  in  opposition  of  phase  with  the  apparent 
temperature . 

(3)  The  glass  thermometer  temperature  slightly  differed  from  the 
apparent  temperature  by  a  small  amount  (generally  less  than 
five  degrees  Celtius)  and  slightly  lagged  the  apparent  tempera- 
ture variations:  this  is  explained  by  the  damping  effect  of 
the  soil  layer  covering  the  glass  thermometer. 

(U)  The  great  influence  of  moisture  content  over  the  apparent  temp- 
erature was  observed  for  pll  the  wet  samples. 

(5)  The  PRT-5  radiation  thermometer  proved  to  be  useful  in  deter- 
mining rapid  radiation  changes  which  could  not  be  detected  by 
the  glass  thermometers. 

(6)  Although  the  experiment  was  not  sophisticated  in  a  way  and  was 
not  fully  automatically  monitored  as  was  desired,  it  was  reveal- 
ed to  be  of  extreme  value  in  terms  of  basic  understanding  of 
soil  thermal  behavior  and  in  terms  of  more  specific  conclusions 
stated  below  on  the  variables  affecting  radiation.  For  these 
reasons,  similar  experiments  should  be  repeated  for  other 
materials  and  other  environmental  conditions. 

In  order  to  be  able  to  draw  more  specific  conclusions  from 
this  experiment,  Figures  6l  to  65  were  prepared:  they  compare 
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the  apparent  temperature  curves  for  the  different  materials  and 
conditions.  From  these  figures  it  is  concluded  that: 
(7)  The  effect  of  color  over  the  apparent  temperature,  which  to  a 
certain  extent  may  reflect  the  mineral  nature  of  materials, 
appeared  to  be  significant  only  at  peak  temperature  periods, 
between  11:00  a.m.  to  3:00  p.m.  During  this  period,  some  of 
the  dry  materials  were  definitely  warmer  or  cooler  than  some 
of  the  others:  The  coal  sample  showed  to  be  wormer  than  any 
other;  the  dry  silty  clay  of  test  site  15,  the  sand,  the  dry 
much  and  the  black  painted  one- inch  gravel  appeared  to  be  at 
the  same  temperature  and  could  not  be  distinguished  on  the 
basis  of  peak  temperature.  The  dry  silt  from  test  site  25 
showed  to  be  the  coolest  of  all  the  dry  samples. 

In  terms  of  color  of  the  materials,  the  peak  temperatures 
did  not  permit  us  to  differentiate  all  the  materials:  this  was 
shown  by  the  colored  cardboard  boxes  and  the  colored  gravels 
(see  Figures  63  and  6k).     It  is  concluded  that  only  certain 
dry  materials  can  be  identified  by  their  peak  daily  temperatures. 
(8)  The  effect  of  moisture  was  found  to  be  very  significant.  Mois- 
ture proved  to  have  a  damping  affect  on  the  apparent  tempera- 
ture contrast  for  the  different  materials.  For  the  wet  samples, 
the  damping  was  still  greater  except  for  the  dolostone.  This 
is  explained  by  the  fact  that  the  surface  of  the  1-in.  crushed 
dolostone  was  dry  and  the  coarse  fragments  sticking  out  of  the 
water  were  dry  and  thus  slightly  warmer.  It  is  concluded  that 
moist  and  wet  materials  cannot  be  distinguished  on  the  basis 
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of  their  daily  peak  temperatures  but  important  information  can 
be  gained  on  the  degree  of  moisture.    The  8-14  micron  region 
would  reveal  to  be  most  useful,  at  peak  temperature  time,  to 
obtain  information  on  moisture  conditions  of  soils  (accepting 
that  sufficient  ground  truth  is  available)  but  not  on  their 
nature . 
(9)  The  effect  of  surface  texture  and  grain  size  effects  were 

studied.  Figure  65  indicates  that  the  apparent  temperature  is 
relatively  little  affected  by  the  surface  texture  and/or  the 
grain  size  of  materials.  It  indicates  that  color  is  much  more 
important . 
(10)  The  effects  of  weather  on  the  apparent  temperatures  were  obser- 
ved during  this  48-hour  experiment.  On  Figures  6l,  62,  63,  and 
64,  the  weather  effects  that  could  be  noticed  are  indicated  by 
capital  letters  and  arrows.  Point  (A)  corresponds  to  the  for- 
mation of  a  cumulus  cover  (30-4ofo  estimated  coverage)  which 
came  in  at  a  low  altitude  (approx.  2000-2500  feet).  Its  effect 
was  to  slow  down  the  sample  cooling  as  clouds  act  as  good 
thermal  radiators.  Point  (B)  corresponds  to  the  time  the  wind 
was  relatively  calm.  The  0-5  mph  wind  had  entirely  stopped  at 
7:30  p.m.  and  this  reduced  the  rate  of  cooling.  Point  (C) 
corresponds  to  the  gusts  of  wind  at  around  noon  to  1:00  p.m. 
that  blew  over  the  test  area.  Point  (D)  corresponds  to  the 
formation  of  cumulus  clouds  similar  to  the  ones  of  the  previous 
day.  Point  (E)  corresponds  to  an  increase  in  cloud  cover  up  to 
about  70  percent  with  the  absence  of  wind. 
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This  monitoring  of  the  weather  conditions  by  visual  estima- 
tion and  correlation  with  official  weather  data  proved  most 
useful  in  determining  minute  radiation  changes  that  could  not 
be  adequately  explained  otherwise.  It  shows  the  importance  of 
continuously  monitoring  both  the  radiation  or  apparent  tempera- 
ture and  any  significant  weather  change  that  occurs.  Otherwise 
the  ground  truth  in  terms  of  infrared  radiation  and  thermal 
behavior  of  soils  loses  all  its  significance.  If  only  apparent 
temperatures  are  to  be  taken  at  random  during  the  day  and/ or 
without  weather  record  backing,  they  would  appear  to  be 
meaningless. 

(11)  Color,  moisture,  cloud  cover  and  wind  appear  to  be  the  most 
important  factors  controlling  the  apparent  temperature  and  the 
thermal  behavior  of  soils  and  other  engineering  materials.  Of 
these,  moisture  is  the  most  important. 

(12)  Thermal  radiation  in  the  8-li+  micron  band  is  a  surface  phenomena 
highly  dependent  on  moisture  and  color  of  the  materials  which 
may  or  may  not  have  a  direct  relationship  with  its  mineral 
nature  and  is  independent  so  to  speak  of  surface  texture  and 
grain  size  effects  as  they  were  studied  here. 

(13)  It  is  concluded  from  this  experiment  that  the  8-11+  micron 
region  is  very  useful  to  detect  soils  with  high  moisture  con- 
tent and  very  humid  zones  but  it  does  not  seem  sufficient  in 
itself  to  assist  in  determining  the  nature  of  materials. 

(Ik)     The  optimum  time  for  taking  imagery  in  the  &-lk   micron  region 
is  a  very  difficult  question  to  answer.  First,  it  seems  to  be 
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very  dependent  upon  the  type  of  information  required.  From  the 
previous  ground  experiment  it  appears  that  temperature  "con- 
trasts" are  greater  at  peak  temperature  time,  between  11:00  a.m. 
and  3:00  p.m.  for  the  September  experiment.  One  would  still 
have  to  know  the  overall  air  or  atmosphere  thermal  radiation  in 
order  to  theorize  on  the  best  time  of  flying.  The  idea  of 
flying  after  the  temperature  inversion  time  is  valid  for  dry 
versus  moist  materials  but  it  is  not  in  terms  of  maximum  radi- 
ation. Added  to  this  is  the  problem  of  adequate  filtering  of 
the  incoming  sun  radiation  during  daytime.  It  is  felt  that 
more  has  to  be  done  to  study  this  problem  and  that  there  is 
room  for  both  theoretical  analysis  of  this  problem  and  study  of 
many  more  case  histories  of  actual  infrared  imagery  taken  at 
daytime  and  at  nighttime. 

k.6     Multi spectral  Imagery  Interpretation 
The  purpose  of  this  section  is  to  discuss  and  present  the  results  of 
three  different  approaches  taken  to  interpret  the  multi spectral  imagery 
obtained  on  April  28,  1967.  The  three  approaches  are  (l)  interpretation 
by  close  visual  examination  using  the  conventional  airphoto  interpreta- 
tion method  with  the  additional  concept  of  spectral  signatures  of  mater- 
ials, (2)  densitometric  measurements  in  order  to  establish  signatures  of 
materials  if  possible  and  (3)  the  automatic  method  of  multispectral  data 
classification  developed  at  the  Purdue  University  Laboratory  for  Agricul- 
tural Remote  Sensing  (LARS). 
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k.6l     Interpretation  by  Visual  Inspection 
During  the  visual  examination  of  the  imagery,  all  the  following 
techniques  were  tried:  (l)  examination  of  the  original  70  mm.  negative 
film  strips  on  a  light  table  with  and  without  magnification,  and  (2) 
examination  and  interpretation  attempts  of  contact  prints  and  enlarged 
(2  diameter)  prints  made  from  the  negatives. 

The  maximum  number  of  bands  that  could  be  handled  and  examined  simul- 
taneously in  a  convenient  manner  was  six  bands  and  ideally  four  bands. 
Attempts  were  made  to  visually  examine  the  12  bands  simultaneously  but 
the  information  obtained  on  the  first  few  bands  was  forgotten  by  the  time 
the  10th,  11th  or  the  12th  band  were  being  examined. 

This  first  examination  enabled  the  sorting  of  bands  that  were  very 
closely  related  and  thought  to  be  essentially  similar.  In  this  manner, 
the  following  six  bands  were  thought  to  be  most  convenient  for  further 
simultaneous  examination: 

the  thermal  infrared  band         8-lU  microns 
the  reflective  infrared  band      0.8-1.0  micron 
the  red  band  0.62-0.66  micron 

the  green  band  0.52-0.55  micron 

the  blue  band  0. ^0-0.4*4-  micron 

the  ultraviolet  band  0.32-0. 38  micron 

Before  any  analysis  and  discussion  of  what  was  detected  and  ident- 
ified or  just  detected  and  not  identified  on  the  different  bands  or 
combination  of  bands,  it  is  of  utmost  importance  to  say  that  what  follows 
applies  only  to  the  case  history  under  study  (the  70-mile  strip  along 
Indiana  State  Road  37)  and  to  the  imagery  as  collected  on  April  28,  1967 
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between  the  hours  of  10:55  a.m.  to  12:35  a.m.  under  the  prevailing 

weather  conditions  as  reported  in  Appendix  3. 

In  order  to  substantiate  the  conclusions  of  this  section,  five 

typical  examples  of  imagery  are  reproduced  in  Figures  66   to  70.  These 

are  reproductions  of  the  high  altitude  imagery  (3200  feet)  at  a  resultant 

scale  of  1:28,800  (l  in.  =  2l»-00  ft).  The  low  altitude  imagery  (l600  ft) 

at  a  resultant  scale  of  1:1U,U00  (l  in.  =  1200  ft)  was  also  examined  but 

is  not  illustrated. 

The  following  sections  of  imagery  were  selected  for  the  given 

specific  reasons: 

Figure  66;   area  just  south  of  Indianapolis,  for  the  presence  of  granular 
materials  in  the  White  River  flood  plain,  sand  piles,  ponds, 
a  river,  wet  and  dark  soils  and  several  man-made  features. 

Figure  67;  area  between  Indianapolis  and  Martinsville,  for  the  presence 
of  two  main  land  forms;  a  flood  plain  and  a  glacial  moraine, 
several  bare  soil  conditions  and  features,  drainage  conditions, 
and  mottled  tone  of  soils. 

Figure  68;  area  southeast  of  Martinsville,  typical  because  of  the  re- 
worked outwash  and  lacustrine  condition  (see  photo-map  2-3, 
Plate  9)-  The  presence  of  silt  mounds,  drainage  conditions 
and  a  highway  under  construction. 

Figure  69;  area  northwest  of  Bloomington  typical  because  of  the  residual 
red  clay  over  a  limestone  plain. 

Figure  70;  area  northwest  of  Bedford  selected  because  of  the  two  major 
terrain  conditions  showing  a  narrow  flood  plain  with  fine 
silts  and  rock  control  in  a  limestone  and  red  clay  area. 
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8.0  -  13.5    microns 


FIGURE    66      MULTISPECTRAL     IMAGERY     AREA     I 


8.0  -   13.5   microns 


FIGURE    67      MULTISPECTRAL     IMAGERY    AREA    4 
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0.8    -   1.0   microns 


0.52    -    0.55 


MARTINSVILLE,     IND 


FIGURE     68      MULTISPECTRAL     IMAGERY    AREA    6 


8.0  "    13.5  microns 


FIGURE     69      MULTISPECTRAL     IMAGERY     AREA    8 
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8.0   -    13.5  microns 


0.8    -    1.0 


0.62    -    0.66 


0.52    -     0.55 


FIGURE     70      MULTISPECTRAL     IMAGERY    AREA    12 
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k.6ll     The  Thermal  Infrared  8-114-  Micron  Band.  The  thermal  infrared 
(&-lk   micron)  band  was  particularly  useful  to  detect  bodies  that  were 
relatively  hot  and  emitting  strongly  and  bodies  that  were  relatively  cool. 
Water  bodies  and  vegetation  are  considered  relatively  cool  and  showed  as 
dark  areas  or  items  on  the  imagery.  Certain  roofs  and  certain  roads  were 
warmer  and  showed  white  on  the  imagery.  Most  soil  areas  were  of  the  same 
intermediate  grey  tone  except  for  a  few  special  features.  This  band  was 
useful  to  detect  these  few  special  features  that  could  not  be  detected 
on  other  imagery  bands.  Two  good  examples  are  shown  at  item  "p"  on 
Figure  66   and  item  "h"  on  Figure  67.  The  first  one  is  a  slightly  depres- 
sional  area  which  corresponds  to  a  very  wet  zone  but  it  was  not  detected 
on  any  other  band  nor  on  any  other  type  of  film.  Once  it  had  been  located 
on  the  8-ll|  micron  band,  then  it  could  be  detected  on  some  of  the  other 
bands  and  partly  detected  on  the  color  infrared  and  color  films.  The 
feature  would  have  been  missed  entirely  without  the  8-11+  u  imagery  and 
this  is  a  feature  of  engineering  importance.  The  second  feature  is  a 
soil  drainage  feature  that  could  not  be  detected  at  all  on  the  other 
bands  nor  on  the  other  photography,  even  on  the  color  infrared. 

Tonal  differences  in  this  band  will  change  over  a  period  of  2k   hours 
in  a  very  drastic  way  as  the  temperature  of  materials  change  and  eventual- 
ly may  result  in  tonal  inversions  at  night. 

I*.6l2  The  Reflective  Infrared  Band  0.8  -  1.0  Micron.  The  reflective 
infrared  (0.8  -  l.Ou)  imagery  was  very  useful  to  detect  vegetation  covered 
areas  and  bare  soil  areas.  When  examining  this  band,  things  should  be 
visualized  this  way:  water  bodies  are  all  very  dark  and  uniform  in  tone, 
soils  and  road  systems  are  intermediate  grey  tones,  wet  soils  are  darker 
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grey  ("g"  on  Figure  66),   and  vegetation  is  very  light  grey  to  white. 
Coniferous  trees  ("e"  on  Figure  70)  are  medium  grey  to  dark.  Good  reflec- 
tors like  some  galvanized  steel  roofs  are  very  bright. 

k.6l3     The  Visible  Red  Band  0.62  -  0.66  Micron.  The  red  (0.62-0.66u) 
imagery  band  was  found  to  be  most  useful  for  soil  studies.  Soil  contrasts 
were  shown  better  on  this  band  than  any  other  except  the  0.52  -  0.55 
micron  band.  In  the  red  band,  water  bodies  are  dark  and  soils  are  of 
various  shades  of  grey  from  light  to  medium  dark.  Bare  dry  soils  are 
light  ("d"  of  Figure  66,   "m"  of  Figures  67  and  69,  "b"  of  Figure  70). 
Wet  soils  are  darker  ("c"  and  "n"  of  Figure  67,  "g"  of  Figure  66,   "b"  of 
Figure  68).  Vegetation  is  rather  dark.  It  is  important  to  note  that  the 
tone  inversions  for  soils  and  for  vegetation  occur  in  the  0.8  -  1.0  and 
0.62  -  0.66  micron  bands.  These  two  bands  in  combination  yield  extremely 
significant  information  as  discussed  in  the  section  on  automatic  classif- 
ication. 

k.6lk     The  Visible  Green  Band  0.52  -  0.55  Micron.  The  visible  green 
(0.52  -  0.55k1)  imagery  is  quite  similar  to  the  previous  one  but  soils 
were  not  as  contrasty,  but  all  the  important  soils  features  on  the  0.62  - 
0.66  band  were  also  present  here.  For  instance  the  mottled  tones  of  the 
ground  moraine  of  Figure  67  (item  "a")  still  shows  Just  as  well. 

4.615  The  Visible  Blue  Band  0.U0  -  O.Mt-  Micron.  This  band  is 
definitively  not  as  interesting  in  terms  of  soil  mapping.  Much  of  the 
contrast  between  dark  and  wet  soils  and  light  colored  soils  is  gone  (see 
items  "g"  on  Figure  66;   "c",  "m" ,  "n"  on  Figure  67).  Because  of  a  re- 
duction of  the  overall  contrast  and  the  greater  reflectance  of  pavement 
materials  in  this  range,  the  road  systems  show  much  better.  Water  bodies 
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are  all  of  the  same  dark  grey  tone  and  cannot  be  distinguished  from  the 
vegetation. 

k.6l6     The  Ultraviolet  Band  0. 52-0. 38  Micron.  Only  a  few  features 
show  as  bright  tones  on  this  band.  Certain  high  ultraviolet  reflectors 
are  recognized  such  as  certain  roofs,  concrete  pavements,  some  older 
bituminous  concrete  pavements  because  of  the  aggregates,  limestone 
quarries,  and  sand  bars  (see  item  "f"  of  Figure  67). 

k.6l7     General  Conclusions  Based  on  the  Visual  Inspection.  In  order 
to  summarize  the  points  developed  on  the  six  bands  examined ,  it  can  be 
stated  that  if  there  is  a  change  in  soil  type  due  generally  to  color, 
this  is  evidenced  in  bands  0.8  -  1.0,  0.62  -  0.66,  and  0.52  -  0.55  micron 
and  in  a  subdued  manner  in  the  0.U0  -  0.U4  band.  If  there  is  an  appre- 
ciable change  in  the  drainage  of  soils  in  the  upper  foot  or  upper  few 
feet  of  soils  or  if  a  highly  saturated  zone  is  created,  this  is  evidenced 
in  the  8- lit-  micron  band. 

The  different  bands  have  been  treated  separately  but  they  become 
much  more  significant  when  they  are  grouped,  such  as  was  stressed  for  the 
0.8  -  l.Ou  and  0.62  -  0.66u  bands.  From  the  visual  examination  the 
following  conclusions  were  drawn: 

(1)  The  optimum  set  of  imagery  bands  was  obtained  by  grouping  the 
8-ll4+i,  the  0.8-1. 0^,  the  0.62-0. 66u  and  either  the  0. 1+0-0. Mm 
or  the  0.32-0.38u  bands. 

(2)  Soil  contrasts  were  best  detected  in  bands  0.62-O.66u  and 
0.52-0.55^. 

(3)  Water  bodies  showed  best  in  the  8-ll+n  and  0.8-1. 0u  bands. 
Preferably  the  0.8-1. On  band  should  be  used  for  this  purpose 
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because  of  the  high  reflectance  of  vegetation  in  the  0.8-1.0 
micron  region,  and  the  strong  absorption  of  water  in  that  band. 
(k)     The  imagery  suffered  from  lack  of  resolution  and  due  to  the 
overall  small  scale,  even  for  the  low  altitude  imagery 
(1:14,400). 

(5)  It  is  quite  obvious  that  no  information  was  obtainable  from  the 
imagery  either  directly  or  indirectly  on  the  topography.  Top- 
ography is  an  important  element  in  engineering  soils  mapping 
and  is  entirely  left  out  on  the  imagery.  Soil  features  are 
often  detected  only  locally  and  without  continuity.  This  is  a 
major  problem  when  mapping  soils.  Therefore  it  is  obvious  that 
multi spectral  imagery  cannot  replace  aerial  photography.  In 
fact  it  was  not  meant  for  that  purpose  and  it  should  be  con- 
sidered as  a  supplement  to  aerial  photography. 

(6)  There  are  indeed  soil  features  and  soil  conditions  that  are 
either  enhanced  and  more  easily  detected  on  the  imagery  than 
on  aerial  photography. 

(7)  There  are  even  soil  features  and  soil  conditions  that  show  only 
on  the  multispectral  imagery  which  cannot  even  be  detected  on 
any  other  sensor  type  data. 

k.6±&     Recommendations  for  Visual  Analysis  of  Multispectral  Imagery. 
From  the  experience  gained  through  this  investigation,  it  is  recommended 
for  future  projects  involving  multispectral  imagery  that: 

(1)  The  scale  on  the  final  imagery  strip  be  of  a  scale  larger  than 
1:12,000,  ideally  between  1:10,000  and  1:6,000. 

(2)  The  film  strip  should  be  larger  than  70  mm.,  ideally  five  inches 
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wide  (problems  at  the  processing  level  from  analog  data  to 
imaging  on  the  CRT  can  be  overcome). 

(3)  The  geometric  distortion  or  "sigmoid"  distortion  necessitates 
the  use  of  only  the  central  two-thirds  of  the  imagery  for 
practical  purposes.  This  is  tolerable  but  attempts  should  be 
carried  further  to  develop  equipment  for  distortion-free  resti- 
tution. 

(h)     In  order  to  use  the  far  infrared  8-lU-  micron  band  to  the  max- 
imum of  its  capability,  this  imagery  band  should  be  obtained 
at  night  in  the  hours  before  dawn  (3:00-6:00).  And  until  more 
is  known  about  the  interpretation  of  the  thermal  infrared 
imagery,  it  should  be  flown,  if  at  all  possible  both  during 
the  day  and  at  night  and  considered  to  be  two  additional  bands 
complementing  each  other.  This  would  allow  much  better  insight 
on  infrared  behavior  and  emissivity  of  materials. 

(5)  Simple  enhancing  equipment  should  be  developed.  It  is  crit- 
ically needed  for  interpreting  multi spectral  imagery  by  visual 
means. 

(6)  The  standard  photo-interpretation  methods  and  techniques  do 
not  apply  to  multi spectral  imagery  and  until  better  approaches 
are  devised,  the  imagery  interpretation  is  and  will  be  badly 
hampered . 

(7)  The  multi spectral  imagery  as  the  name  indicates  was  developed 
in  order  to  obtain  the  spectral  characteristics  of  materials: 
it  should  be  used  with  this  concept  in  mind  and  since  human 
visual  means  are  limited  in  terms  of  number  of  bands  that  can 
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be  simultaneously  treated,  efforts  to  further  investigate 
mult i spectral  imagery  by  visual  means  alone  are  presently  dis- 
couraged at  least  until  item  (5)  above  is  given  further 
thoughts. 

k.62     Interpretation  by  Densitometric  Measurements 

In  an  attempt  to  study  the  validity  of  the  spectral  signature  con- 
cept [98,  99  ],  a  series  of  density  measurements  of  the  multispectral 
imagery  were  taken.  The  approach  was  to  first  measure  the  transmission 
density  on  a  calibrated  Macbeth  transmission  densitometer  Model  TD-102 
with  a  1  mm.  aperture,  for  spots  of  interest  on  the  imagery. 

The  density  readings  were  normalized  against  a  standard  gray  scale: 
in  this  manner  each  of  the  imagery  sections  in  each  band  and  their  respec- 
tive calibration  grey  scale  levels  were  made  comparable.  For  each  spot 
of  interest  or  target,  this  was  done  for  all  the  imagery  bands  in  order 
to  compare  the  relative  response  for  each  target  in  each  band  and  the 
overall  spectral  signature  for  the  target  materials. 

Figures  71  to  7^  illustrate  the  density  results  for  one  sample  area 
(area  1-A).  All  the  prime  density  levels  that  appear  on  these  figures 
were  normalized  against  the  same  grey  scale.  The  letters  refer  to  the 
targets  indicated  on  the  imagery.  Some  problems  appeared  due  to  the 
narrow  width  of  the  4.5-5.5^  and  8.0-l^.On  imagery  which  is  due  to  a 
narrower  scan  angle  (only  37°  against  80°  for  the  other  channels).   (This 
narrower  scan  angle  is  due  to  the  two  calibration  plates  placed  inside 
the  scanner  for  calibration  purposes.) 

Figures  75  and  76   were  prepared  to  illustrate  the  multispectral 
signature  concept.  Fields  "d"  and  "g"  were  dark,  wet  silty  soil  area  as 
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revealed  by  ground  truth.  The  mult i spectral  response  on  Figures  75  and 
76  are  closely  matched  when  superposed  both  in  terms  of  relative  intensity 
in  between  the  bands  (profiling  or  shape  of  the  curve)  and  in  relative 
intensity  within  one  band  to  the  nearest  0.15  unit  of  normalized  density. 

Figures  77  and  78  show  the  multispectral  signatures  for  two  con- 
trasting terrain  types.  Fields  "h"  and  "t"  were  respectively  an  area  of 
dry,  pale  yellow-brown  silt  and  an  area  of  wet  muck.  These  extremes 
were  selected  to  emphasize  the  contrast  in  spectral  signature.  For  this 
purpose,  compare  in  Figure  77  the  very  high  response  in  most  bands  except 
the  middle  and  far  infrared  with  the  overall  flat  and  low  returns  except 
for  the  far  infrared  in  Figure  78.  To  appreciate  the  subtleties  of  the 
spectral  signatures,  the  relative  responses  in  Figures  76,  77  and  78  can 
be  compared.  They  show  that  three  significantly  different  materials  with 
significantly  different  engineering  characteristics  in  terms  of  texture 
and  moisture  content  have  significantly  different  spectral  signatures 
also. 

These  results  and  other  measurements  made  during  the  research 
confirmed  that  the  concept  of  multispectral  signature  of  first  surfaces 
is  a  valid  premise  in  remote  sensing,  that  the  signatures  can  be  measured 
on  the  imagery  and  that  they  are  significant  in  terms  of  engineering  soils. 

This  phase  of  the  research  also  showed  the  complications  of  the 
densitometric  approach.  It  is  slow  and  cumbersome.  Long  strips  of 
imagery  have  to  be  searched  and  it  is  a  tedious  job  to  measure  the  dens- 
ities point  by  point  and  then  to  normalize  and  plot  the  results.  If  the 
imagery  can  be  readily  handled  by  computer  there  is  really  little  point 
in  using  this  approach  and  its  use  is  discouraged  except  for  very  special 
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reasons.  Better  methods  are  available  as  will  be  seen  in  the  next 
section. 

U.63  Thermal  Measurements  on  the 
8-14  Micron  Imagery 

The  thermal  infrared  imagery  film  strips  contain  two  calibration 
traces  of  two  reference  plates,  one  hot  and  one  cold,  for  the  purpose  of 
thermal  measurements  on  the  imagery.  Built  into  the  scanner  are  the  two 
plates  at  different  temperatures  with  embedded  thermistors.  The  tempera- 
ture of  the  two  plates  can  be  obtained  from  a  calibration  curve  (see 
Figure  79).  The  operational  procedure  is  as  follows.  The  scanner  mirror 
when  rotating  sees  the  scene,  one  plate,  the  back  of  the  scanner,  the 
next  plate,  the  scene  and  then,  the  cycle  is  repeated  for  each  revolution 
of  the  scanner. 

Two  traces,  one  for  each  the  cold  and  the  hot  plates  are  collected 
on  the  analog  tape  along  with  the  data  from  the  scene.  Upon  playback, 
these  two  traces  appear  as  two  narrow  continuous  strips  along  the  side 
of  the  imagery  strip.  At  the  end  of  each  imagery  strip,  there  is  a  cal- 
ibrated grey  scale  which  corresponds  to  the  grey  levels  used  during  the 
playback.  The  density  of  the  grey  scale  levels  is  measured  and  by  know- 
ing the  temperature  and  the  transmission  density  of  the  two  calibration 
plate  strips,  the  density  curve  for  the  grey  levels  can  be  transformed 
into  a  density-temperature  curve  (see  Figure  80).  Three  assumptions  are 
made:   (l)  there  is  perfect  linearity  for  the  thermistor  resistance- 
temperature  calibration;  (2)  there  is  a  linear  relationship  between  the 
density  and  xhe  temperature,  in  other  words,  only  the  linear  portion  of 
the  dynamic  range  is  used;  and  (3)  the  detector  does  really  measure  the 
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FIGURE    80.     TEMPERATURE      MEASUREMENTS     OF 
INFRARED     8-13.5     MICRON      IMAGERY 
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temperature  of  the  resolution  patch  it  "sees". 

The  first  two  assumptions  are  reasonably  valid  (refer  to  Figures  79 
and  80).  The  third  one  is  valid  on  the  basis  of  principles  of  infrared 
technology  [lOT,  132]. 

An  attempt  was  made  to  measure  on  the  B-lk   micron  imagery  strip  the 
temperature  of  test  sites  for  which  the  ground  temperature  was  obtained 
at  the  time  the  imagery  was  collected.  The  ground  temperatures  were 
collected  with  both  a  Barnes  PRT-U  portable  radiometer  and  with  glass 
thermometers.  The  temperatures  on  the  imagery  were  obtained  by  measuring 
the  transmission  density  at  the  site  identified  and  located  on  the 
imagery.  The  instrument  was  read  using  the  one  millimeter  size  opening. 
This  represented  on  the  ground  a  circular  area  with  a  diameter  of  approx- 
imately U7  feet  at  imagery  scale  of  I:lk,k00. 

These  results,  under  the  present  scanner  operational  conditions,  are 
not  sufficiently  accurate  for  engineering  soils  mapping  purposes.  This 
can  be  explained  for  two  reasons:   (l)  the  playback  of  this  imagery  was 
made  for  the  purpose  of  producing  the  best  contrast  possible  for  soils. 
For  this  reason  and  for  keeping  the  imagery  within  adequate  distortion 
limits,  only  a  certain  percentage  of  the  scan  lines  were  played  back  on 
the  cathode  ray  tube  (otherwise  the  fields,  for  instance,  become  distorted 
beyond  recognition),  (2)  also  the  densitometer  opening  (l  mm.)  was  quite 
large  and  the  measurement  represented  an  area  larger  than  the  ground  test 
site.  Part  of  the  discrepancies  are  explained  by  the  difference  in  time 
between  the  two  sets  of  measurements.  The  results  are  given  in  Table  10. 
With  the  imagery  provided  in  this  study  and  with  the  densitometric  equip- 
ment available,  the  measurements  are  not  considered  sufficiently  accurate 
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TABLE  10 


TEMPERATURE  MEASUREMENTS  BY  DENSITOMETRY 
ON  THE  8-14  MICRON  IMAGERY 

Test 

Site  No. 

Density 

Calculated 
Temperature 

(°c) 

Radiometer 
Temperature 

(°c) 

Field 
Temperature 

(°c) 

6 

0.58 

20.7  (12:15) 

23.8 

23.0  (11:14) 

7 

0.52 

17.4  (12:12) 

35.7 

31.5  (11:38) 

8 

0.53 

18.0  (12:12) 

31.8 

31.5  (11:40) 

9 

0.38 

7.0  (12:12) 

27.8 

27.0  (11:44) 

10 

O.36 

6.8  (12:12) 

25.7 

25-5  (11:50) 

22 

0.44 

12.4  (12:09) 

26.8 

20.5  (12:44) 

^ 

0.46 

13-7  (12:09) 

27.8 

25-0  (12:42) 

24 

0.49 

15.6  (12:09) 

24.6 

28.5  (12:38) 

26 

O.36 

6.8  (12:08) 

21.6 

25.0  (12:54) 

Note:  The  numbers  in  parenthesis  are  the  time  (hours :minutes)  at  which 
the  imagery  and  the  ground  measurements  were  taken,  on  April  28, 
1967.  In  this  case,  only  the  low  altitude  imagery  film  strips 
were  used. 
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for  differentiating  soil  conditions  related  to  thermal  affects.  The  best 
thermal  resolution  achieved  under  these  circumstances  was  3.1°C  and  the 
mean  for  the  nine  test  sites  was  1^.1°C. 

k.6k    Automatic  Classification  of  Multispectral 
Digitized  Data  by  Computer 

A  system  of  computer  programs  have  been  developed  over  the  past 
three  years  by  the  Purdue  University  Laboratory  for  Agricultural  Remote 
Sensing  (IARS)  for  purposes  of  analyzing  remote  multispectral  data  for 
various  agricultural  applications,  such  as,  automatic  crop  species  ident- 
ification and  mapping,  automatic  soil  mapping,  crop  moisture  and  disease 
studies  and  other  related  agricultural  applications. 

This  research  effort  and  the  concept  of  a  Laboratory  for  Agricultural 
Remote  Sensing  was  developed  by  the  National  Aeronautics  and  Space 
Administration  (NASA)  in  conjunction  with  the  U.  S.  Department  of 
Agriculture.  Its  purpose  is  to  serve  as  a  focal  point  for  research  into 
the  applications  of  modern  remote  sensing  techniques  for  the  benefit  of 
national  and  world-wide  agriculture  [127]. 

The  objective  in  using  two  of  LARS  computer  programs,  LARSYSAH  and 
LARSYSAA,  was  to  see  if  the  automatic  classification  procedures  originally 
developed  for  agricultural  purposes  could  also  yield  useful  results  in 
terms  of  engineering  applications  to  soil  mapping.  These  programs  and 
LARS  computer  facilities  were  made  available  to  this  project  in  exchange 
for  the  use  of  the  Highway-37  multichannel  data  by  LARS.  In  this  manner 
the  LARS  capabilities  were  made  available  to  this  JHRP  project  to  inves- 
tigate the  potential  of  such  computerized  automatic  classification 
approach  for  engineering  applications.   It  was  not  meant  to  be  an  exhaustive 
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examination  of  all  the  subtleties  of  the  LARS  computer  programs  but  to 
assess  whether  or  not  this  approach  offers  promise  for  engineering  soil 
mapping  and  still  maintain  as  a  final  output  the  engineering  significance 
that  engineering  soils  maps  have. 

The  LARS  programs  that  were  used  are  summarized  on  Figure  8l.   The 
approach  is  a  spectral  pattern  recognition  technique  in  which  training 
samples  are  used  as  a  basis  for  the  classification.  Through  the  use  of 
these  training  samples,  the  computer  is  "trained"  to  recognize  all  areas 
having  similar  spectral  signatures  and  to  automatically  classify  these 
unknown  areas  into  one  of  the  categories  of  surficial  material  designated 
by  the  researcher  Oo,  129,  130,  131]. 

The  first  one  of  these  programs  is  intended  to  reproduce  the  multi- 
spectral  data  on  computer  printouts  roughly  similar  to  the  imagery  film 
strip.  The  imagery  grey  levels  are  represented  by  printer  characters. 
^'his  first  program  also  produces  histograms  of  the  grey  levels  for  each 
band. 

One  or  several  bands  of  the  grey  scale  printouts  can  be  used  to 
select  training  samples.  They  may  also  be  used  to  produce  desired  enhance- 
ment effects  in  each  channel  by  utilizing  specific  printer  characters 
(letters,  numbers  and/or  symbols)  instead  of  using  the  usual  histogrammed 
approach.  This  may  have  a  desirable  effect  as  an  enhanced  version  of 
the  imagery  may  result.  Although  feasible,  this  is  a  more  difficult 
approach  which  may  require  several  attempts  in  order  to  reach  a  particu- 
lar enhancing  effect.  Normally  the  grey  scale  printouts  are  used  for 
the  location  and  selection  of  training  samples  only. 
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LARS    COMPUTER     PROGRAMS 
FOR 
AUTOMATIC      MULTISPECTRAL      INTERPRETATION 


PICTOUT 


FOR  GREY  LEVELS  PRINTOUT  OF  EACH 
SPECTRAL  BAND  DESIRED.  PRINCIPALLY 
USED   FOR  SELECTION  OF   TRAINING    SAMPLES 


$   STAT 


STATISTICAL     analysis      of      spectral 
response     of     training      samples     and 
classes  —    histograms,     spectral 
curves,    mean     vector,    covariance    and 
correlation    matrices    are    generated 


LARSYSAA 


$  SELECT 


SELECTION    of     optimum      features 
for     classification. 


$  CLASSIFY 


CLASSIFICATION     of      each     element 
of     the     data. 


$  DISPLAY 


DISPLAY      of      classification      by 
means    of     appropriate     symbols 
with      the     use     of      threshold 
levels        Performance     value 


FIGURE   81      COMPUTER  PROGRAMS  DEVELOPED  AT  THE  PURDUE 
UNIVERSITY  LABORATORY  FOR  AGRICULTURAL  REMOTE  SENSING 
FOR  THE  CLASSIFICATION  OF  SCANNER  DATA. 
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Training  samples  should  be  conceived  of  as  a  set  of  spectral  data, 
representative  of  a  given  ground  object  or  ground  feature  and  identified 
on  the  computer  printouts  by  a  system  of  coordinates  assigned  to  each 
scan  line  of  scanner  data.  The  material  represented  by  a  set  of  train- 
ing samples  is  referred  to  as  a  "class". 

This  concept  is  illustrated  on  Figure  82  which  shows  an  area  on  an 
airphoto,  an  enlargement  of  infrared  imagery  film  strip  and  its  corre- 
sponding PICTOUT  computer  printout.  Training  samples  are  indicated  by 
rectangles  or  squares.  Training  samples  "a",  "b" ,  "c"  and  "d"  are 
representative  of  a  class,  in  this  case,  the  class  is  "bare  soil"  on  a 
road  and  embankment  under  construction.  Training  samples  "e"  and  "f" 
represent  a  second  category  coEiposed  of  trees  only.  As  many  classes  as 
desired  can  be  defined  as  needed. 

It  is  very  important  that  the  training  samples  have  characteristics 
similar  to  the  ones  for  that  class  of  material  that  the  researcher  is 
interested  in  (see  also  Hoffer  1968).  The  grey  scale  printouts  normally 
used  for  training  samples  selection  would  be  the  ones  which  would  best 
show  maximum  difference  for  the  objects  under  study. 

So,  the  overall  procedure  can  be  summarized  in  these  terms.  After 
the  analog  to  digital  conversion  (ADC),  the  digital  tapes  are  ready  to 
be  analyzed  and  the  first  step  is  to  obtain  a  pictorial  printout  or  a 
grey  levels  map  through  the  use  of  PICTOUT.  Then  sets  of  training  samples 
are  selected;  as  many  sets  are  required  as  there  are  classes  of  objects 
to  be  analyzed.  This  selection  of  the  training  samples  is  most  critical 
for  the  classification  to  be  successful.  This  is  where  all  available 
information  such  as  field  information  collected  at  the  time  of  flying 
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FIGURE  82    COMPUTER  PRINTOUT  AS  OBTAINED  FROM  PROGRAM 
PICTOUT  AND  ILLUSTRATING  TRAINING  SAMPLES. 
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and  aerial  photographs,  particularly,  color  aerial  photographs  are  most 
useful.  The  success  of  this  phase  is  also  based  on  the  researcher's 
experience  in  his  particular  field  of  activity;  pedology,  forestry, 
agronomy,  civil  engineering  or  others.  The  available  field  information, 
multispectral  classification  techniques  and  the  researcher's  background 
constitute  the  basis  of  proper  significant  and  useful  selection  of 
training  samples. 

The  second  main  program  utilized  in  this  project  is  called  LARSYSAA. 
This  central  monitor  program  is  subdivided  in  a  set  of  supervisor  programs 
and  four  processor  programs  as  is  illustrated  on  Figure  83.   This  figure 
illustrates  the  procedure  of  multispectral  data  classification. 

The  theory  and  development  of  LARSYSAA  is  discussed  in  the  litera- 
ture by  Swain  et  al.  [2371 >  Landgrebe  et  al.  [129],  Landgrebe  et  al.  [130] 
and  in  LARS  Information  Note  101866,  Min  et  al.  [173! •  Since  the  purpose 
of  this  section  is  principally  to  discuss  the  engineering  applications, 
the  theoretical  aspects  and  implementation  are  not  discussed  further. 

Once  the  training  samples  are  selected  and  their  coordinates  (lines 
and  rows)  are  punched  on  appropriately  formated  cards,  the  statistics 
are  obtained  on  the  reflective  characteristics  of  each  class.  The 
statistics  include  the  mean  vector  of  each  class  and  the  covariance  and 
correlation  matrices.  Histograms  of  each  sample  and/or  class  and  their 
spectral  response  graphs  can  also  be  printed  out  at  this  time  to  help 
the  researcher  in  his  analysis  of  the  data.  Options  are  available 
either  to  obtain  all  this  information  in  terms  of  each  sample  in  each 
class,  each  class  or  both  samples  and  classes.  The  results  from  the 
statistics  allow  the  researcher  to  verify  the  quality  of  each  training 
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sample  and  for  each  class.  If  improvement  is  desired,  it  can  be  per- 
formed at  this  point  by  a  re-selection  of  better  training  samples. 
Otherwise  the  next  step  is  undertaken.  Note  that  an  option  in  $  STAT 
allows  one  to  obtain  a  set  of  punched  cards  for  the  statistics  computa- 
tions which  enables  one  to  momentarily  interrupt  the  job  and  re-enter 
later  at  another  level  of  the  processor.  This  applies  to  any  of  the  four 
processors  of  IARSYSAA,  as  long  as  the  statistics  deck  of  punched  cards 
is  saved.  This  provides  for  extremely  great  flexibility. 

Figure  &k   illustrates  the  statistical  results  obtained  for  three 
classes:  sand,  medium  dark  soil  and  muck.  The  tables  at  the  top  row  of 
this  figure  give  the  mean,  standard  deviation  covariance  matrix  and 
correlation  matrix  for  each  class.  The  three  graphs  on  the  second  row 
of  this  figure  illustrate  the  spectral  plot  of  the  mean  plus  and  minus 
one  standard  deviation  for  each  training  class. 

The  vertical  scale  is  in  relative  intensity  units.  They  represent 
the  relative  intensity  response  of  the  signal  as  digitized.  These  graphs 
show  the  variation  of  the  spectral  response  within  each  wavelength  band 
for  each  material.  Differences  in  response  in  at  least  one  wavelength 
band  for  each  material  of  interest  is  fundamental  to  the  classification 
of  the  multispectral  scanner  data.  Note  that  there  is  no  meaningful 
relationship  between  the  response  of  a  particular  material  in  the  differ- 
ent wavelength  bands. 

The  sets  of  histograms  on  the  third  row  of  Figure  8k   indicates  the 
importance  of  excellent  training  sample  selection.  Point  A  on  this 
figure  indicates  a  large  spread  of  the  relative  response  in  the  signal 
for  sand  in  channel  5  (or  the  0.50-0.52  micron  band).  This  is  an  indi- 
cation that  the  classification  using  that  band  may  be  a  bit  less 
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sample  and  for  each  class.  If  improvement  is  desired,  it  can  be  per- 
formed at  this  point  by  a  re-selection  of  better  training  samples. 
Otherwise  the  next  step  is  undertaken.  Note  that  an  option  in  $  STAT 
allows  one  to  obtain  a  set  of  punched  cards  for  the  statistics  computa- 
tions which  enables  one  to  momentarily  interrupt  the  job  and  re-enter 
later  at  another  level  of  the  processor.  This  applies  to  any  of  the  four 
processors  of  IARSYSAA,  as  long  as  the  statistics  deck  of  punched  cards 
is  saved.  This  provides  for  extremely  great  flexibility. 

Figure  8k   illustrates  the  statistical  results  obtained  for  three 
classes:  sand,  medium  dark  soil  and  muck.  The  tables  at  the  top  row  of 
this  figure  give  the  mean,  standard  deviation  covariance  matrix  and 
correlation  matrix  for  each  class.  The  three  graphs  on  the  second  row 
of  this  figure  illustrate  the  spectral  plot  of  the  mean  plus  and  minus 
one  standard  deviation  for  each  training  class. 

The  vertical  scale  is  in  relative  intensity  units.  They  represent 
the  relative  intensity  response  of  the  signal  as  digitized.  These  graphs 
show  the  variation  of  the  spectral  response  within  each  wavelength  band 
for  each  material.  Differences  in  response  in  at  least  one  wavelength 
band  for  each  material  of  interest  is  fundamental  to  the  classification 
of  the  multispectral  scanner  data.  Note  that  there  is  no  meaningful 
relationship  between  the  response  of  a  particular  material  in  the  differ- 
ent wavelength  bands. 

The  sets  of  histograms  on  the  third  row  of  Figure  81+  indicates  the 
importance  of  excellent  training  sample  selection.  Point  A  on  this 
figure  indicates  a  large  spread  of  the  relative  response  in  the  signal 
for  sand  in  channel  5  (or  the  0.50-0.52  micron  band).  This  is  an  indi- 
cation that  the  classification  using  that  band  may  be  a  bit  less 
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FIGURE  84.    EXAMPLES  OF  STATISTICAL  RESULTS  FROM  LARSYSAA  SYSTEM. 
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accurate  than  if  band  k   was  to  be  used.  The  horizontal  scale  here 
corresponds  to  the  vertical  scale  of  the  spectral  plots  immediately  above 
and  again  it  is  expressed  in  relative  intensity  units. 

Ideally,  the  histogram  should  be  narrow  at  the  bottom,  indicative  of 
a  sharp,  neat  and  hopefully  characteristic  reflectance  in  that  channel, 
for  that  particular  material.  This  is  the  case  illustrated  by  the  letter 
B. 

Another  case  is  illustrated  in  C  where  the  response  distribution  is 
bimodal.  This  bimodal  histogram  is  indicative  of  an  imperfect  training 
sample  selection;  in  other  words  the  ground  materials  corresponding  to 
this  class  contained  two  spectral  groups  or  two  surface  conditions  of 
muck.  Most  likely  one  was  wetter  than  the  other.  Training  sample  selec- 
tion can  be  improved  until  a  purer  class  is  obtained.  This  would  remove 
the  bimodal  distributions  of  reflectance  as  shown  above,  and  could  re- 
sult in  a  better  and  a  more  significant  classification. 

In  order  to  see  if  the  classes  utilized  in  the  statistical  phase 
are  easily  separable  or  not,  an  option  permits  the  printing  of  a  series 
of  combined  or  coincident  spectral  plots  for  the  training  classes. 
Figure  85  illustrates  the  case  where  eight  classes  are  distinguishable. 
In  the  upper  half,  point  D  indicates  that  the  four  classes  would  be 
equally  well  distinguished  in  the  five  bands  indicated  by  the  arrows. 
But  in  the  0.80-1.00  micron  band,  the  last  three  classes  would  be  mixed 
(point  E)  and  most  particularly  what  is  classified  as  "class  AGRAZING" 
would  be  most  difficult  to  distinguish  from  "class  SAND". 

In  the  lower  half,  point  F  indicates  that  two  classes  are  most 
difficult  to  distinguish  in  the  0.66-0.72  micron  band.  The  "class  LLSILT" 
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FIGURE  85   SPECTRAL  PLOTS  FOR  EIGHT  CLASSES. 
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(for  very  light  tone  silt)  has  the  same  intensity  response  as  the  "class 
ILIGHTS"  (for  intermediate  light  silt)  in  that  band  but  the  other  two 
classes  have  lower  intensity  responses  and  can  be  distinguished.  In 
other  words  these  two  could  be  classified  easily.  By  visual  inspection 
it  is  found  that,  in  all  spectral  bands,  these  two  classes,  LLSILT  and 
ILIGHTS,  have  similar  intensity  response.  It  is  thus  seen  that  they  do 
have  a  similar  spectral  response  and  accordingly,  the  training  samples 
for  these  two  classes  could  be  grouped  under  one  class,  because  they 
probably  would  not  be  classified  easily  into  two  significantly  different 
classes,  with  only  these  12  bands  being  used. 

This  figure  can  be  used  also  to  indicate  by  visual  inspection  what 
bands  are  most  likely  to  produce  a  better  classification  of  the  multi- 
channel data. 

A  much  faster  and  more  sophisticated  way  of  finding  a  more  dependable 
answer  as  to  what  bands  should  be  used  in  the  classification  is  to  use 
$  SELECT.  The  theory  and  procedures  are  explained  in  several  LARS  pub- 
lications (Cardillo  and  Landgrebe  [k-O] ,  Min  [l73li  Landgrebe  et  al.  [129]  • 
Fundamentally  the  selection  of  optimum  bands  are  based  on  the  degree  of 
spread  between  the  classes  and  the  variation  within  the  class  response 
for  all  possible  combinations  of  the  different  bands. 

This  step  is  followed  by  the  classification  ($  CLASS).  Each  data 
point  in  the  entire  flight  line  is  classified  into  one  of  the  classes 
that  were  determined  by  the  researcher  and  for  which  training  classes 
were  established.  Each  data  point  is  classified  into  the  class  for  which 
it  has  the  highest  probability  of  belonging.  But  the  probability  of 
belonging  to  that  class  may  or  may  not  be  very  high.  For  example  assume 
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the  researcher  established  three  classes  and  obtained  training  samples 
for  vegetation,  soil  or  water. 

Each  point  of  data  must  be  classified  into  one  of  these  three 
classes,  and  a  probability  of  belonging  to  that  class  is  also  calculated. 
The  piece  of  data  which  may  actually  correspond  to  a  car  may  not  appear 
spectrally  to  belong  to  any  one  of  these  three  classes  but  in  fact  it 
must  be  put  in  one  of  the  three.  Because  of  the  low  probability  of 
belonging  to  any  of  the  established  classes,  the  point  can  be  "threshold- 
ed,"  and  thereby  avoid  an  erroneous  classification,  but  thresholding 
will  be  discussed  later.  This  stresses  the  importance  of  having  signif- 
icant classes  and  of  properly  using  the  thresholding  option  in  the  dis- 
play. The  classification  results  are  then  stored  on  assigned  magnetic 
tapes  for  easier  retrieval. 

The  next  sequence  is  to  display  the  information.  $  DISPLAY  provides 
for  this ,  in  assigning  to  each  class  a  selected  set  of  printer  characters 
for  output  printing,  and  obtaining  a  map  of  the  classification  results 
as  well  as  a  tabular  display  of  the  performance  results.  These  charac- 
ters are  determined  by  the  operator  (researcher).  A  judicious  set  of 
printer  characters  helps  emphasize  the  desired  classes  of  materials. 

Figures  86  to  90  are  examples  of  automatic  multichannel  data  class- 
ification. They  indicate  potential  applications  for  engineering  soil 
classification.  Figure  86  is  a  set  of  six  maps  and  a  photo-mosaic  for 
Area  1-A.  These  printouts  were  produced  by  using  the  12-channel  scanner 
data  digitized  by  LARS.  The  12  channels  include  all  the  visible  and  the 
reflective  infrared  bands  from  0.4  to  1.0  micron.  They  do  not  include 
the  ultraviolet  band  which  was  obtained  by  a  different  scanner  system  in 
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the  researcher  established  three  classes  and  obtained  training  samples 
for  vegetation,  soil  or  water. 

Each  point  of  data  must  be  classified  into  one  of  these  three 
classes,  and  a  probability  of  belonging  to  that  class  is  also  calculated. 
The  piece  of  data  which  may  actually  correspond  to  a  car  may  not  appear 
spectrally  to  belong  to  any  one  of  these  three  classes  but  in  fact  it 
must  be  put  in  one  of  the  three.  Because  of  the  low  probability  of 
belonging  to  any  of  the  established  classes,  the  point  can  be  "threshold- 
ed,"  and  thereby  avoid  an  erroneous  classification,  but  thresholding 
will  be  discussed  later.  This  stresses  the  importance  of  having  signif- 
icant classes  and  of  properly  using  the  thresholding  option  in  the  dis- 
play. The  classification  results  are  then  stored  on  assigned  magnetic 
tapes  for  easier  retrieval. 

The  next  sequence  is  to  display  the  information.  $  DISPLAY  provides 
for  this ,  in  assigning  to  each  class  a  selected  set  of  printer  characters 
for  output  printing,  and  obtaining  a  map  of  the  classification  results 
as  well  as  a  tabular  display  of  the  performance  results.  These  charac- 
ters are  determined  by  the  operator  (researcher).  A  judicious  set  of 
printer  characters  helps  emphasize  the  desired  classes  of  materials. 

Figures  86  to  90  are  examples  of  automatic  multichannel  data  class- 
ification. They  indicate  potential  applications  for  engineering  soil 
classification.  Figure  86  is  a  set  of  six  maps  and  a  photo-mosaic  for 
Area  1-A.  These  printouts  were  produced  by  using  the  12-channel  scanner 
data  digitized  by  LARS.  The  12  channels  include  all  the  visible  and  the 
reflective  infrared  bands  from  O.k   to  1.0  micron.  They  do  not  include 
the  ultraviolet  band  which  was  obtained  by  a  different  scanner  system  in 
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FIGURE  86.  LARSYSAA  PRINTOUTS  FOR  (I)  GENERAL  CLASSIFICATION,  (2)  THREE  SOILS,  (3)  SOILS,  CROPS,  FOREST  AND  ROADS,  AND  (4)  (5)  (6)  THRESHOLDING. 
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The  University  of  Michigan  aircraft.  Nor  do  these  12-channel  data 
include  the  thermal  infrared  and  for  the  same  reasons. 

A  total  of  twelve  test  areas  were  selected  prior  to  working  with 
the  LARS  automatic  classification  techniques.  Six  of  these  areas  were 
more  extensively  studied  with  the  computer  approach.  Results  are  includ- 
ed for  five  of  these  six  areas.  These  areas  are  also  shown  on  Plates 
1  to  5  in  Chapter  3- 

Map  1  on  Figure  86  is  a  general  classification  of  all  seven  classes 
for  area  1-A,  as  they  are  defined  at  the  top  left:  three  classes  are 
for  three  different  soil  conditions  and  one  each  for  crops,  forests, 
water  and  roads.  Map  2  indicates  the  soils  areal  distribution  only.  It 
shows  where  the  light  toned  soil  (SOILD)  is  located,  where  the  medium 
dark  soil  (SOILW)  is  located  and  where  the  wet  and  dark  soil  (SOILWW)  is 
located.  It  is  of  engineering  importance  to  see  that  Map  2  can  readily 
show  the  distribution  of  the  dark  wet  ground.  The  ground  conditions 
attached  to  each  soil  class  here  were  verified  in  the  field  ground  truth 
collection.  This  last  soil  class  corresponds  to  a  soil  type  that  would 
require  special  treatment  (removal  or  extra  drainage),  if  an  engineering 
facility  was  to  be  developed.  The  printer  character  letter  M  helps  to 
enhance  the  distribution  of  this  poor  quality  soil  and  permits  the  lo- 
cation of  the  potential  trouble  areas  very  rapidly. 

Map  3  is  a  general  interpretation  of  all  the  data  except  that  it 
shows  a  different  enhancement  most  useful  to  locate  the  classes  of 
materials.  Maps  k,   5  and  6  illustrate  the  effect  of  different  threshold 
levels.  The  use  of  thresholds  is  made  possible  in  the  $  DISPLAY  proces- 
sor in  order  to  be  more  or  less  restrictive  on  the  display  of  the  data. 
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By  using  a  low  threshold  level,  all  the  data  points  that  may  have  some 
spectral  resemblance  to  each  class,  however  broad  this  resemblance  may 
be  are  shown.  If  a  high  threshold  level  is  used,  the  effect  is  more 
restrictive  and  only  the  data  points  having  very  close  spectral  resemb- 
lance are  displayed.  A  low  threshold  value  is  useful  to  display,  in 
this  case,  all  the  light  tone  soils  of  an  area  that  may  slightly  vary  in 
spectral  signature  but  are  similar  for  engineering  purposes.  On  the 
other  hand,  a  high  threshold  value  is  useful  to  locate  potentially  trouble- 
some areas  with  much  greater  precision,  as  is  the  case  for  the  SOILWW 
class.  This  is  illustrated  on  maps  k,   5,  6  of  Figure  8k  by  the  letter 
"f"  which  indicates  that  this  area  of  SOILWW  does  not  have  the  same 
significance  as  area  "d" ;  this  is  revealed  by  the  greater  number  of 
blanks  that  appear  in  this  area,  as  the  threshold  value  is  increased. 

A  most,  important  feature  on  this  set  of  maps  is  a  muck  pocket  in 
the  lower  third  of  the  map,  indicated  by  the  letter  "e".  No  training 
sample  was  taken  yet  it  is  classified  in  the  class  for  adverse  soils 
(SOILWW).  This  emphasizes  the  latent  interpretative  power  of  this  auto- 
matic classification  based  on  spectral  reflectance  but  also  the  need  for 
ground  truth  collection. 

The  maps  of  Figure  8?  show  two  other  potential  uses  of  this  approach. 
The  printout  on  the  right  side  (map  2  for  Area  2)  shows  bare  soils  of 
critical  engineering  significance.  The  areas  designated  with  the  plus 
sign  symbol  (+)  indicates  the  upper  ground  of  the  kame  moraine  in  this 
particular  section  along  Highway-37-  This  ground  is  underlain  by  sands 
and  gravels  as  revealed  by  ground  checking.  It  then  appears  that  poten- 
tial applications  for  location  of  granular  materials  could  be  realized 
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By  using  a  low  threshold  level,  all  the  data  points  that  may  have  some 
spectral  resemblance  to  each  class,  however  broad  this  resemblance  may 
be  are  shown.  If  a  high  threshold  level  is  used,  the  effect  is  more 
restrictive  and  only  the  data  points  having  very  close  spectral  resemb- 
lance are  displayed.  A  low  threshold  value  is  useful  to  display,  in 
this  case,  all  the  light  tone  soils  of  an  area  that  may  slightly  vary  in 
spectral  signature  but  are  similar  for  engineering  purposes.  On  the 
other  hand,  a  high  threshold  value  is  useful  to  locate  potentially  trouble- 
some areas  with  much  greater  precision,  as  is  the  case  for  the  SOILWW 
class.  This  is  illustrated  on  maps  k,   5,  6  of  Figure  &k  by  the  letter 
"f"  which  indicates  that  this  area  of  SOILWW  does  not  have  the  same 
significance  as  area  "d" ;  this  is  revealed  by  the  greater  number  of 
blanks  that  appear  in  this  area,  as  the  threshold  value  is  increased. 

A  most  important  feature  on  this  set  of  maps  is  a  muck  pocket  in 
the  lower  third  of  the  map,  indicated  by  the  letter  "e".  No  training 
sample  was  taken  yet  it  is  classified  in  the  class  for  adverse  soils 
(SOILWW).  This  emphasizes  the  latent  interpretative  power  of  this  auto- 
matic classification  based  on  spectral  reflectance  but  also  the  need  for 
ground  truth  collection. 

The  maps  of  Figure  87  show  two  other  potential  uses  of  this  approach. 
The  printout  on  the  right  side  (map  2  for  Area  2)  shows  bare  soils  of 
critical  engineering  significance.  The  areas  designated  with  the  plus 
sign  symbol  (+)  indicates  the  upper  ground  of  the  kame  moraine  in  this 
particular  section  along  Highway-37.  This  ground  is  underlain  by  sands 
and  gravels  as  revealed  by  ground  checking.  It  then  appears  that  poten- 
tial applications  for  location  of  granular  materials  could  be  realized 
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FIGURE  87.    PRINTOUTS  OF  AN  ATTEMPT  TO  DELINEATE  TWO  MAJOR  SOIL  TYPES. 
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under  certain  circumstances,  as  is  the  case  for  locations  marked  with  a 
"g",  on  map  2,  Area  2. 

Another  case  of  locating  adverse  ground  condition  is  illustrated  on 
this  map  by  the  letter  "h".  It  shows  a  meander  scar  filled  with  highly 
organic  wet  soil  as  revealed  by  ground  truth.   This  depressional  soil 
condition  would  require  special  treatment  or  should  be  avoided  altogether. 
It  is  emphasized  here  by  the  letter  M  and  by  blanking  out  all  other  soils 
except  for  the  upper  parts  of  the  kame  moraine  indicated  by  the  plus  sign 

(+). 

Figure  88  is  a  special  case  where  the  approach  in  mind  was  to  class- 
ify the  soils  in  terms  of  their  spectral  response  as  related  to  the  land 
forms.  The  result  was  partially  successful  but  it  is  in  fact  most  indi- 
cative. If  a  relationship  can  be  established  between  land  form  and 
spectral  responses  of  its  corresponding  materials,  then  the  land  form 
parent  materials  relationship  used  in  photo- interpretation  would  be  valid 
here  too.  The  inference  is  that  results  from  it  could  be  most  beneficial. 
The  impact  in  determining  soil  textures  would  be  tremendous. 

In  Figure  88,  the  upper  two  fields  "S"  and  "T"  belong  to  the  ground 
moraine  terrain  (Km)  indicated  by  the  mottled  tone  on  the  photo-mosaic. 
The  lower  field  "Q"  belongs  to  the  flood  plain  (Fp)  and  is  more  uniform 
in  tone.  The  automatic  classification  results  are  shown  in  map  2,  Area 
3,  and  the  difference  in  interpretation  as  outlined  corresponds  to  the 
area  included  between  the  dash  line  and  the  full  line.  This  area  actually 
should  be  classified  as  flood  plain  but  is  classified  as  material  that 
belongs  spectrally  to  the  ground  moraine.  This  discrepancy  is  attributed 
to  possibly  two  things;  the  materials  from  the  upland  (ground  moraine  M^)> 
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FIGURE  88   PRINTOUTS  OF  AN  ATTEMPT  TO  DELINEATE  LAND  FORMS  ON 
A  SPECTRAL  RESPONSE  BASIS. 
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are  washed  onto  the  flood  plain  by  conventional  geomorphologic  agents 
like  rain,  running  water,  etc.,  or  the  thin  windblown  silt  mantle  that 
covers  the  area  masks  the  true  land  form  borders,  spectrally  speaking. 

The  main  point  here  is  that  spectral  responses  for  broad  classes  of 
materials  may  possibly  be  related  to  land  forms.  And  the  indications  of 
this  justify  further  research  on  other  ground  conditions  and  land  forms 
of  other  areas. 

Figure  89  is  a  case  in  which  drainage  features  of  an  area  are  evi- 
denced by  the  automatic  classification  of  the  imagery.  To  appreciate 
these  features,  a  close  comparison  should  be  made  with  the  photo  mosaic. 
All  the  areas  represented  by  the  character  "H"  on  the  left  hand  computer 
printout  correspond  to  drainage  ways  or  very  wet  areas.   Examples  of 
this  are  shown  by  features  on  both  the  printout  and  the  photos  by  letters 
"a"  and  "b" .   Item  "c"  corresponds  to  a  corner  of  dryer  ground  in  that 
bare  field.  This  was  revealed  by  a  very  close  examination  of  the  color 
and  color  infrared  airphoto.  Item  "d"  corresponds  to  the  right  half  of 
that  field  which  was  very  wet  at  the  time  of  flying  (see  airphoto).  Item 
"f"  corresponds  to  a  meander  scar  on  the  White  River  flood  plain;  it  also 
corresponds  to  wet  ground.  This  figure  indicates  how  detailed  the  auto- 
matic classification  can  be  with  proper  training  samples  selection.   It 
indicates  that  minute  features  of  engineering  significance  such  as  areas 
requiring  special  drainage  or  containing  poorly  drained  soils  can  be 
automatically  located  by  this  method  and  can  be  delineated  by  a  judicious 
selection  of  printer  characters. 

Figure  90  presents  five  computer  printout  maps  for  a  selection  of 
the  Martinsville  by-pass  at  the  time  of  its  construction.  Map  1  is  the 
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FIGURE  89    PRINTOUTS  OF  SOILS  AND  DRAINAGE  EFFECT. 
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FIGURE  90    PRINTOUTS  OF  (I)  GENERAL  CLASSIFICATION, (2)  LAND  USE  AND  SOILS, (3)(4)  MUCK  AREAS,  AND  (5)  SAND. 
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general  classification  of  the  earth  materials  and  the  vegetation  into 
eleven  different  classes.  Map  2  indicates  the  bare  soils  versus  the 
vegetation;  this  permits  us  to  readily  know  where  bare  soils  are  and  the 
amount  of  interference  by  the  vegetation. 

Map  3  is  significant  for  engineering  purposes:   it  locates  very  rap- 
idly the  two  soils  that  are  troublesome  in  the  area.  The  area  contained 
several  muck  pockets  and  areas  of  dark  tone  wet  soil  not  as  deep  as  the 
muck  but  still  sufficiently  wet  to  require  either  drainage  or  removal. 
The  muck  is  shown  by  the  letter  M  and  the  dark  wet  soil  by  slashes.  The 
distortion  effect  is  quite  obvious  here  but  it  does  not  prevent  the 
spectral  data  to  be  interpreted  properly.  This  is  another  case  indica- 
ting the  need  of  good  aerial  photography  to  be  taken  simultaneously  to 
the  mult i spectral  data. 

Map  k  indicates  only  the  muck  which  was  thought  to  be  more  critical 
and  should  receive  special  attention  in  an  engineering  project.  This  is 
why  it  was  separated. 

Map  5  shows  an  interesting  feature.  The  materials  used  to  build 
part  of  the  by-pass  were  coming  from  the  ridge  moraine  just  north  and 
served  as  a  fill  between  the  higher  ground  (ridge  moraine)  and  the  lower 
ground  shown  on  this  map  (outwash  and  lacustrine  plain).  This  section  of 
the  fill  and  only  this  section  of  the  fill  which  used  the  sands  and 
gravels  of  the  ridge  moraine  appears  very  clearly  on  Map  5-  It  was  shown 
for  the  purpose  of  indicating  how  selective  and  accurate  this  method  of 
automatic  classification  based  on  spectral  signatures  can  be.  Note  the 
location  of  the  training  samples  (asterisks).  Note  that  along  the  by- 
pass training  samples  were  selected  all  the  way  from  the  north  end  to 
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the  southern  end  (bottom  of  map)  and  yet  only  the  northern  most  area 
shows  the  presence  of  sand  (dots).  This  is  an  extremely  important  point. 
No  type  of  airphoto  can  detect  something  of  that  nature.  Even  the  color 
airphoto  could  not  tell  this  because  there  was  not  enough  color  contrast 
between  the  sand  of  the  upper  section  and  the  silty  ground  of  the  southern 
section.  This  indicates  that  materials  can  be  classified  automatically 
according  to  their  color  and  that  they  may  be  classified  in  terms  of 
their  texture  if  a  minimum  of  ground  information  is  available. 

The  computer  time  involved  in  producing  these  maps  as  illustrated 
is  relatively  low.  To  answer  a  first  question  each  of  the  5  maps  in 
Figure  90  take  an  average  of  about  2  minutes  each  or  10  minutes  for  a 
package  of  five  maps.  The  interpretation  of  color  photographs  for 
exactly  the  same  area  took,  one  hour  and  15  minutes.  For  the  black  and 
white  photographs  it  took  two  hours.  These  values  however  should  not  be 
compared  directly. 

In  fact  the  computer  time  including  the  use  of  PICTOUT  for  the 
training  samples  selection,  the  training  samples  selection  itself  and 
the  time  for  using  IARSYSAA  amount  to  more  than  just  the  few  minutes 
mentioned  above. 

For  Area  1-A,  the  total  time  for  producing  nine  computer  printer 

maps  (5  of  which  appear  on  Figure  86)  was  three  hours.  The  breakdown  is: 

15  min.    grey  level  maps  from  PICTOUT  for  3   bands 

1  hr.15  min.    training  samples  selection  (57  samples, 
7  classes) 

15  min.    punching  cards 

1  hr.15  min.    IARSYSAA  time,  including  classification  with 
____________      four  channels  and  display  on  9  printouts. 

3  hrs.         total  time 
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A  similar  case  was  Area  6  where  11  printout  maps  and  11  classes 
were  studied  which  took  a  total  time  of  two  hours.  The  classification 
was  done  using  four  channels  here  too,  but  the  operator  had  gained  more 
experience  and  every  instant  on  the  computer  was  made  as  productive  as 
possible.  Also  the  time  for  training  samples  selection  was  kept  to  a 
minimum,  even  if  a  total  number  of  hk   samples  were  used  for  the  11  classes, 

These  figures  can  be  compared  with  the  photo  interpretation  time 
mentioned  above.  The  two  hour  interpretation  time  of  black  and  white 
photos  is  equivalent  to  the  two  hours  of  training  samples  selection  and 
computer  time  which  in  turn  compares  fairly  well  with  the  one  hour  15 
minutes  for  the  color  photos  interpretation,  considering  the  selectivity 
that  each  printout  map  can  introduce.  The  important  point  is  that  for 
much  larger  areas  the  gain  in  time  using  the  automatic  classification 
would  be  very  large,  while  here  for  a  small  area  it  is  about  even  with 
the  standard  PI  time. 

It  must  be  clearly  stated  at  this  point  that  the  computer  facilities 
at  LARS  are  not  considered  to  be  the  fastest.  They  are  used  as  a  re- 
search system  which  will  be  continuously  improved.  In  fact  the  system 
is  using  a  600  line  printer,  while  printers  two  to  three  times  as  fast 
are  available.  The  present  hardware  at  LARS  also  uses  a  single  disc 
pack  and  three  9  track  tape  units  operated  at  6o  KC  [127].  A  sensible 
gain  in  time  will  be  realised  when  the  LARS  hardware  will  be  improved 
by  the  addition  of  a  second  disc  pack,  by  the  increase  of  tape  units 
speed  to  90  KC  and  by  the  increase  of  memory  size  from  l6  K  to  32  K. 

The  time  for  training  sample  selection  was  found  to  be  considerable. 
This  is  expected  to  be  corrected  by  the  use  of  a  light  pen  coupled  to 
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the  hardware  which  would  simplify  the  training  sample  selection.  It 
would  eliminate  most  of  the  card  punching  and  would  permit  a  more  accur- 
ate and  yet  faster  training  sample  selection. 

The  selection  of  imagery  bands  for  engineering  soils  interpretation 
by  the  LARS  system  produced  very  useful  results  in  terms  of  the  optimum 
bands  to  be  used.  Of  the  13  original  areas  selected,  six  were  more 
thoroughly  studied.  For  each  of  these  six,  $  SELECT  was  used  in  order  to 
determine  what  set  of  2,  3  or  k   bands  would  perform  the  best  classifica- 
tion ($  CLASS). 

The  results  are  shown  on  Table  11.  This  indicates  that  when  three 
bends  only  are  to  be  used,  the  number  12  band  (0.8-1.0  micron  near  infra- 
red) is  always  selected,  the  next  most  useful  bands  were  respectively 
band  no.  10  (0.66-0.72  micron),  band  no.  8  (0.58  -  0.62  micron),  band 
no.  6  (0. 52-0. 55  micron),  band  no.  2  (0.kh-0.h6   micron).  When  four  bands 
are  being  used,  there  is  a  possibility  for  just  about  any  combination  of 
four  bands  to  appear  except  that  band  no.  5  did  not  appear  at  all.  Bands 
nos.  10  and  12  or  nos.  9  and  12  always  appeared,  band  no.  8  seemed  also 
a  frequent  best  choice  (see  also  Table  6  for  band  nos.  equivalence  in 
wavelengths ) . 

This  indicates  that  for  automatic  classification  of  soils  the  number 
of  bands  cannot  be  restricted  to  a  small  number  of  bands  and  that  all  the 
bands  should  be  considered  and  made  available.  It  also  corroborates 
quite  well  the  conclusions  of  the  visual  imagery  interpretation  in  a  pre- 
vious section  that  the  most  useful  bands  were  no.  12  ( 0.8-1.0  micron), 
no.  9  (0.62-0.66  micron)  no.  6  (0.52-0.55  micron)  for  engineering  soils. 

The  $  DISPLAY  program  includes  an  option  by  which  a  classification 
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TABLE  11 


OPTIMUM  IMAGERY  BANDS  FOR  ENGINEERING  SOIL  MAPPING 
AS  SELECTED  BY  $  SELECT  PROCESSOR 

Area       GROUPS  OF  BANDS  NO.  OF  CLASSES  USED 

group  of     group  of       NO.  total  (no.  for  soils) 
3  k 


1-A 

8,10,12 

2,6,10,12 

7 

(3) 

2 

8,10,12 

4,8,10,12 

c 

(3) 

3 

2,10,12 

4,6,10,12 

9 

(7) 

h 

6,10,12 

6,9,10,12 

10 

(7) 

5 

2,10,12 

2,9,10,12 

9 

(7) 

6 

4,9,12 

2,9,10,12 

11 

(7) 
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summary  for  each  training  sample,  the  overall  classification  performance 
and  a  summary  by  training  classes  with  the  average  performance  by  train- 
ing class  are  tabulated.  Figure  91  is  an  example  which  was  obtained  for 
Area  5. 

The  important  point  is  that  spectral  classification  results  by  the 
LAPS  automatic  system  can  be  improved  by  a  better  selection  of  training 
samples.  Table  12  summarizes  how  such  improvements  were  realized  for  the 
six  areas  studied  in  greater  detail,  for  the  training  classes  only.  The 
results  and  the  computer  maps  produced  lead  one  to  believe  that  the 
implementation  of  Computer  Classification  Maps  as  engineering  soils  maps 
can  be  realized  under  certain  circumstances. 

It  is  evident  that  computer  printouts  are  not  easy  to  read  even  for 
a  trained  person.  Most  likely  they  could  not  be  used  by  the  field  engi- 
neer on  a  project.  In  order  to  improve  the  presentation  of  the  automatic 
classification  end-result,  the  engineering  personnel  at  LABS  are  consid- 
ering the  possibility  of  a  color  television  display  (see  dashed  lines  on 
Figure  83)  and  some  other  means  of  producing  a  map  easy  to  read,  easy  to 
use.  The  point  here  is  to  consider  the  computer  printout  maps  as  research 
tools  for  the  present  time. 

In  summary,  the  automatic  computer  classification  as  implemented  by 
the  LARS  system  and  as  tested  in  this  research  project  on  engineering 
soils  mapping  should  be  considered  as  a  very  important  advance  in  auto- 
matic interpretation.  This  method  of  study  revealed  that  the  LARS 
system  can  produce,  very  rapidly,  sets  of  soil  maps  significantly  useful 
to  the  engineer.  They  can  detect  and  classify  areas  indicating  the  dis- 
tribution of  main  soil  classes,  drainage  features,  wet  zones,  muck  pockets, 
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FIGURE  91.    EXAMPLE  OF  CLASSIFICATION  PERFORMANCE. 
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TABLE  12 


AUTOMATIC  CLASSIFICATION  PERFORMANCE 

Area 
No. 

No.  of     / 
Channels  / 

/Ho.  of 
/     Classes 

Overall 

Performance 

(*) 

1 

1-A 

2/6 

1st  trial 

95 

V7 

2nd  trial 

9U.8 

V7 

3rd  trial 

97.8 

2 

3/5 

1st  trial 

86.7 

V8 

2nd  trial 

85.1 

V8 

3rd  trial 

86.9 

V5 

kth   trial 

92.9 

? 

U/9 

1st  trial 

89.9 

V9 

2nd  trial 

98.9 

k 

Vio 

1st  trial 

8U.5 

Vio 

2nd  trial 

95-9 

5 

3/9 

1st  trial 

90.7 

3/9 

2nd  trial 

99-2 

6 

U/U 

1st  trial 

86.6 
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bare  rock  areas:  however  the  final  interpretation  and  overall  signifi- 
cance has  to  be  assessed  by  an  engineer  competent  in  soils  interpretation. 

These  maps  have  indicated  the  possibility  to  relate  spectral  signa- 
ture of  broad  soil  classes  to  the  parent  land  forms.  This  merits  further 
research  for  other  areas,  other  soils  and  land  forms.  This  relationship 
would  have  a  great  significance  in  terms  of  automatic  interpretation  of 
soils  and  their  textures  because  by  an  adequate  grouping  of  training 
samples  by  land  forms  and  spectral  signatures,  the  basic  premise  used  in 
photo  interpretation  which  states  the  relationship  between  land  form  and 
parent  material  could  then  be  used  in  the  automatic  classification  also. 

These  maps  have  also  shown  one  case  in  which  the  soil  delineated 
could  be  directly  related  to  its  source,  on  the  basis  of  reflectance 
properties:  this  could  not  be  done  for  the  same  area  with  the  use  of  the 
color  airphotos  only.  This  point  also  deserves  further  study. 
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CHAPTEE  5 
COST  ANALYSIS 

There  is  relatively  little  that  has  been  published  on  cost  compari- 
son of  aerial  photography  in  engineering  soils  mapping  and  the  benefits 
to  the  soils  survey  engineer.  This  is  understandable:   it  is  due  in  part 
to  the  fact  that  costs  change  rapidly  and  to  the  definite  lack  of  enthu- 
siasm at  publishing  costs  information. 

A  few  studies  of  airphoto  costs  are  reported  in  the  literature. 
Aguilar  recently  reported  on  cost  of  photogrammetric  surveys  [l].  Wright 
also  reported  on  photogrammetric  costs  [260].  Chaves,  Shuster  and  Warren 
report  costs  on  color  transparencies  dated  19^2,  which  were  above  today's 
cost  range  [k2] .  As  a  general  rule  Chaves  and  Schuster  indicate  that  the 
cost  of  color  is  between  two  to  four  times  the  cost  of  black  and  white 
photography  [kk] . 

Minard  indicates  the  gain  of  information  achieved  when  using  color. 
He  quotes  costs  (i960)  that  also  are  above  today's  costs  [17^1.  Mintzer 
and  Sen  Mathur  point  out  the  gain  in  interpretation  time  by  using  color 
in  the  order  of  50  percent  over  black  and  white.  They  also  give  a  ratio 
of  black  and  white  to  color  cost  of  1.3  and  they  point  out  the  reduction 
in  field  checking  time  of  the  order  of  50  percent  [176a].  These  studies 
do  not  always  integrate  the  photography  costs  within  the  overall  costs  of 
surveys.  This  has  the  effect  of  emphasizing  the  cost  of  color  [227]. 
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Moultrop  (1961)  indicated  a  price  of  $11.00  per  square  mile  for  engi- 
neering soils  mapping  on  a  regional  basis  at  a  scale  of  one  mile  to  one 
inch  [188]. 

McKittrick  studied  the  cost  of  sub-surface  investigations  and  the 
potential  savings  that  could  be  achieved  by  using  black  and  white  aerial 
photographs.  For  four  different  case  .studies  he  indicates  cost  reduc- 
tions of  10  percent  to  22  percent  of  soil  survey  costs  when  using  air- 
photos  [160]. 

In  this  research  project,  all  costs  and  times  were  carefully  noted 
to  attempt  a  cost  analysis.  The  personnel  of  the  Indiana  State  Highway 
Commission  provided  information  021  all  the  costs  for  flying,  processing 
and  printing  of  photographic  materials  and  reduction  and  printing  of  the 
photo-maps  for  this  study. 

Interpretation  times  were  noted  by  the  author.  Costs  for  field  check- 
ing,  sampling  and  drafting  of  maps  were  noted.  Costs  used  for  soil  test- 
ing were  those  provided  by  personnel  of  the  ISHC  Materials  and  Testing 
Division. 

Based  on  this  information,  Table  13  was  prepared.  It  is  important 
to  note  that  these  costs  were  based  on  the  70  mile  route  under  study  and 
the  mapping  of  all  or  of  sections  of  this  route  as  was  indicated  before. 
It  is  based  on  costs  for  film  for  the  period  of  March  to  April  19^7  • 
The  other  items  are  based  on  costs  available  during  the  period  of  19^7  to 
1969.  Note  that  the  black  and  white  photography  (BW)  at  a  scale  of 
1:20,000  was  for  a  corridor  of  5  miles  in  width  and  70  miles  long.  All 
other  photography  was  for  single  flight  line  strips  (thus  not  taking  into 
account  the  normal  30  percent  side  lap  of  regional  coverages). 
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The  item  "Prints"  indicated  in  parenthesis  is  the  additional  cost 
of  color  prints  from  transparencies:  this  puts  the  color  transparencies 
and  color  infrared  above  the  others.  The  cost  for  field  checking  and 
sampling  was  considered  to  be  30  percent  less  when  using  color  photography. 
This  was  based  on  the  close  study  of  the  actual  borings  made  to  assist  in 
the  interpretation  of  the  black  and  white  film  and  the  estimated  number 
that  could  be  eliminated  if  color  photographs  were  used. 

It  is  very  important  to  note  that  the  figures  in  this  table  should 
not  be  quoted  out  of  their  context.  For  instance  the  cost  for  "processing- 
printing"  of  the  color  prints  is  in  fact  the  cost  of  the  processing  of 
the  color  negative  from  which  the  prints  were  made.  The  cost  for  "prints" 
of  the  color  prints  is  the  cost  of  materials  and  labor  as  contracted  by  a 
commercial  firm.  The  cost  for  BW  1:12,000  prints  is  only  for  material; 
the  cost  for  labor  is  included  as  a  separate  item. 

Table  13  compares  overall  mapping  costs  using  color  and  black  and 
white  at  the  same  scale.  It  shows  that  only  a  very  small  increase  in 
overall  cost  results  from  the  use  of  color  prints  from  the  Ektachrome  MS 
film  negatives.  The  reduction  in  interpretation  time  and  in  amount  of 
sampling  when  color  is  used  tends  to  offset  the  higher  cost  of  the  color 
prints. 

Following  this  cost  study  of  the  engineering  soils  maps,  two  sec- 
tions of  State  Route  37  for  which  field  soil  surveys  had  recently  been 
done  were  examined  in  terms  of  potential  savings  that  could  be  realized 
by  using  engineering  soils  maps.  For  this  purpose  the  reports  of  road- 
way soil  surveys  for  Project  F-92  (12)  S.  R.  37,  Lawrence  County,  Indiana, 
and  for  Project  F-63  (l8),  Section  11,  Johnson  and  Marion  Counties, 
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Indiana,  were  read  and  the  plans  and  profiles  examined  in  detail. 

All  field  information  such  as  borings,  rock  soundings,  sampling, 
testing  and  others  that  were  not  considered  pertinent  in  the  light  of 
the  information  provided  by  the  detailed  engineering  soils  maps,  were 
added  up  and  their  costs  computed  on  the  basis  of  itemized  costs  obtained 
from  the  personnel  of  the  ISKC  Materials  and  Testing  Division.  The 
result  was  that  for  the  first  project  (approximate  length  of  5-5   miles) 
an  estimated  reduction  in  cost  of  $9^6.00  per  linear  mile  would  have 
resulted.  This  is  more  than  ten  times  the  cost  of  preparing  engineering 
soils  maps  by  competent  engineers  trained  in  photo  interpretation. 

The  second  project  was  only  3-1  miles  long.  In  this  case  the  sav- 
ings is  estimated  to  be  $528.00  per  linear  mile.  Again  significantly 
above  the  costs  of  engineering  soil  mapping. 

Based  on  results  of  this  study  and  reinforced  by  studies  of 
McKittrick,  it  is  definitely  indicated  that  detailed  engineering  soils 
mapping  as  applied  to  highway  soils  investigations  could  result  in  large 
economies.  These  economies  more  than  cover  the  cost  of  the  engineering 
soils  mapping  itself  and,  as  indicated  by  the  two  cases  illustrated, 
would  justify  the  use  of  color  prints  for  the  preparation  of  annotated 
master  soil  plans. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

6,1  Conclusions 
This  research  project  was  concerned  with  the  use  of  different  aerial 
films,  prints  and  multispectral  imagery  as  a  principal  source  of  data  for 
engineering  soils  mapping.  Based  on  the  results  obtained  for  a  70-mile 
highway  project  in  Indiana,  it  is  concluded  that: 

1.  In  terms  of  developing  annotated  aerial  photographs  as 
detailed  engineering  soils  maps,  color  photography  as  opposed  to 
black  and  white  or  color  infrared  photography  was  found  to  be  the 
best  and  most  reliable  source  of  information.  Natural  color  allowed 
the  mapping  of  a  greater  number  of  soil  types  and  soil  conditions 
but  it  did  not  allow  to  fully  assess  all  soil  conditions.  It 
resulted  in  more  accurate  and  much  faster  interpretation. 

2.  The  combined  use  of  color  prints  and  color  infrared  trans- 
parencies was  found  to  be  the  best  combination  of  two  sources  of 
remotely  gathered  information.  This  combination  enabled  us  to 
identify  a  greater  number  of  soils  and  evaluate  a  greater  number  of 
soils  conditions,  like  the  moisture  distribution. 

3.  For  the  preparation  of  detailed  engineering  soils  maps, 
color  photography  was  found  to  be  a  greater  asset  than  soils  infor- 
mation obtained  from  agricultural  soils  maps  and/or  detailed  geolog- 
ical maps. 
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k.     Mult i spectral  imagery  obtained  in  fifteen  bands  from  ultra- 
violet (O.32-O.38  micron)  to  far  infrared  (8-lU  micron  region),  was 
found  to  be  a  beneficial  source  of  information  on  soils  and  soil 
conditions  as  a  supplement  to  color  areial  photography.  The  major 
assets  of  multispectral  imagery  is  to  give  the  spectral  signature 
of  the  materials  remotely  studied,  and  to  procure  information  at 
different  wavelengths  unavailable  otherwise.  It  also  gives  data  in 
a  quantitative  format  with  the  possibility  of  quantitative  process- 
ing. 

5.  It  is  concluded  that  if  the  multispectral  imagery  is  to  be 
treated  automatically  by  computer,  the  maximum  number  of  bands  pos- 
sible should  be  made  available.  In  this  manner  the  automatic  class- 
ification of  terrain  features  and  soils  can  be  based  on  the  optimum 
set  of  bands  as  selected  by  the  computer  and  is  not  limited  to  a 
pre- set  number  of  bands. 

6.  If  the  imagery  is  to  be  analyzed  by  visual  means  only,  it 
was  found  that  the  minimum  number  of  bands  should  be  four  and  the 
maximum  should  be  six.  The  set  of  four  bands  includes:  the  far- 
infrared  (8-lU  microns),  the  reflective  infrared  (0. 8-1.0  micron), 
the  red  (at  about  0.60  to  0.66   micron)  and  the  green  (at  about  0.52 
to  0.55  micron).  The  set  of  six  bands  should  include:  the  four 
bands  named  above,  plus  the  blue  (at  about  0.14-0- O.kk   micron)  and  the 
ultraviolet  (at  0.32-0. 38  micron).  The  reason  for  restricting  the 
number  of  bands  was  the  inherent  limitation  of  the  human  capacity 

to  store  and  analyze  many  grey  toned  images  of  the  same  area  and 
analyze  such  a  large  number  of  areas. 
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7.  it  was  found  that  a  much  more  powerful  method  of  simultan- 
eous examination  and  interpretation  of  multi spectral  imagery  is  by 
the  use  of  the  automatic  classification  computer  method,  as  developed 
at  the  Purdue  University  Laboratory  for  Agriculture  Remote  Sensing 
(LARS).  The  LARS  computer  programs  and  methods  permitted 

a.  classification  of  strips  of  land  surface  in  terms  of  vege- 
tation, water  and  soils.  Maps  were  obtained  in  this  pro- 
ject that  distinguished  and  automatically  classified  up  to 
seven  soil  types,  through  the  utilization  of  this  multi- 
spectral  response  signature  concept. 

b.  delineation  of  unique  soil  conditions  on  a  single  printout 
map,  leaving  blank  all  other  materials,  thus  emphasizing 
the  distribution  of  adverse  soil  conditions. 

c.  the  illustrating,  for  the  first  time,  a  relationship  be- 
tween spectral  response  of  a  soil  and  its  land  form  and 
parent  material. 

d.  the  relation  on  the  basis  of  spectral  signature  between  a 
type  of  soil  and  its  source  located  about  a  quarter  of  a 
mile  away. 

8.  The  multi  spectral  imagery  limitations  as  used  for  engineer- 
ing soils  mapping  were  the  interference  of  vegetation  locally  masking 
the  spectral  data  on  soils  and  the  complete  lack  of  information  on 
topography. 

9.  Laboratory  spectral  reflectance  measurements  were  found  to 
be  useful  in  studying  the  major  factors  affecting  spectral  reflec- 
tance. The  major  factor  controlling  reflectance  was  found  to  be 
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the  water  content. 

10.  Field  thermal  radiation  measurements  over  cycles  of  twenty- 
four  and  forty-eight  hours  indicated  significant  differences  in 
thermal  behavior  of  earth  materials  under  the  different  field  con- 
ditions: 

a.  Color,  moisture,  cloud  cover  and  wind  appeared  to  he  the 
most  important  factors  controlling  the  apparent  temperature 
and  the  thermal  behavior. 

b.  The  peak  temperature  readings  of  the  materials  investigated 
showed  some  differences  among  various  materials  but  not 
between  all  of  them. 

c.  Glass  thermometers  at  l/l*-  in.  depth  in  the  soil  differed 
slightly  from  the  infrared  radiometer  apparent  temperature 
readings . 

d.  The  infrared  radiometer  was  found  to  be  much  more  sensitive 
to  variations  than  the  glass  thermometers,  particularly  to 
variations  due  to  wind  or  to  the  presence  of  clouds. 

e.  The  color  of  the  material  was  a  more  important  factor  than 
surface  texture. 

f.  It  is  concluded  from  these  ground  measurements  that  the 
8-14  micron  region  appears  to  be  very  useful  to  detect 
soils  with  high  moisture  content  but  it  does  not  seem 
sufficient  to  help  determine  the  nature  of  materials  by 
itself. 

11.  Detailed  engineering  soils  plans  and  profiles  prepared  by 
interpretation  of  color  aerial  photographs  can  be  successfully 


272 


incorporated  in  actual  engineering  soil  surveys  for  highway  projects, 
They  can  be  used  to  plan  better  soils  investigations  and  to  select 
borings  locations  so  as  to  obtain  more  representative  samples.  In 
addition  they  provide  for  a  better  route  location  and  overall  plan- 
ning. The  additional  expense  of  using  color  photographs  is  shown 
to  be  offset  by  the  economies  resulting  from  the  use  of  these 
detailed  maps. 

6.2  Recommendations 
During  the  progress  of  this  research  project  potential  applications 
and  possible  extensions  for  research  became  apparent  which  were  beyond 
the  scope  of  the  current  study.  They  are  included  in  the  following 
recommendations  for  further  study: 

1.  Additional  areas  should  be  investigated  using  multi spectral 
imagery  and  the  LARS  computer  classification  approach.  Other  ter- 
rains and  other  soils  most  particularly  in  areas  of  minimum  vegeta- 
tion cover  should  be  considered. 

2.  The  LARS  computer  method  should  be  used  for  other  engineer- 
ing purposes  than  soils  mapping  such  as  land  use  studies  and  pol- 
lution problems.  It  should  be  expanded  and  investigated  in  greater 
depth  in  soils  mapping,  bedrock,  mapping  and  in  other  types  of  earth 
materials  surveys. 

3.  The  infrared  3-14  micron  data  should  be  collected  both 
during  daytime  and  at  night,  for  future  projects.  The  optimum  times 
appear  to  be  from  eleven  o'clock,  to  three  o'clock  during  the  day 
and  between  the  p re-dawn  hours  (2:00  a.m.  to  6:00  a.m.). 
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k.     Efforts  to  calibrate  the  scanner  data  should  be  continued, 
in  order  to  correlate  the  multispectral  data  with  ground  information, 
for  both  the  temperature  and  the  reflectance  of  soils. 

5-  The  use  of  detailed  engineering  soils  maps  prepared  from 
aerial  photographs  as  developed  in  this  research  project  should  be 
implemented.  Because  they  result  in  significant  savings  of  money 
and  time  in  addition  to  provide  for  better  overall  engineering 
planning,  these  maps  should  be  incorporated  into  future  highway 
planning  studies  and  soils  surveys. 

6.  Because  of  the  success  of  multiband  color  photography  with 
enhancement  techniques  in  other  fields,  it  is  recommended  that  it 
be  researched  for  potential  engineering  applications  to  soils  map- 
ping. 

7.  Laboratory  spectral  reflectance  studies  should  be  extended 
to  other  engineering  soils  and  materials.  Field  infrared  radio- 
metric and  reflectance  measurements  should  be  collected  and  analyzed 
throughout  the  spectrum  from  the  ultraviolet  to  the  microwave  region. 
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appendix  2 
description  of  test  sites 

A  total  of  28  test  sites  (or  stations)  were  selected  along  Highway 
37.  to  carry  radiometer  measurements  investigations.  These  test  sites 
were  selected  on  the  following  basis:   (l)  bare  soil  or  bare  rock; 
(2)  surface  free  of  other  materials  or  of  vegetation;  (3)  relatively  flat; 
(k)   easy  of  access;  (5)  representative  of  the  typical  materials  of  the 
area;  (6)  maximum  size  possible,  as  this  was  a  problem  for  the  rock 
outcrops. 

The  description  of  these  test  sites  is  presented  in  a  table  form 
with  a  road  log  starting  0.0  mile  from  the  intersection  of  IU65  and 
State  Route  37  going  south,  and  with  a  description  of  the  site,  the 
material  and  instrumentation.  The  description  of  each  site  is  as  of 
April  28,  1967.  It  is  based  on  the  author's  field  notes  and  color 
diaposites  taken  on  that  date. 
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TABLE  15 
TEST  SITES  DESCRIPTION 


Test 
Site 

No. 


Route 

Mileage 

and  Location 


Description 
(April   18,  1967) 


Instrumentation 


Field  on  North-West  side  of 
intersection,  at  top  of  road 
cut. 


Kame  moraine  with  thin  silt 
cover;  planted  in  clover;  no 
growth  showing;  relatively 
humid  at  upper  Vi  inch 
(17.9%)  around  11:00  AM 


3  glass  thermometers  at  surface, 
at  V:  inch,  at  4  inches  deep. 


same  field. 


Same;  soil  humidity  at  Vi 
inch  (14.3%). 


same  field, 
same  field, 
same  field. 


Same;  soil  humidity  at  Vi 
inch  (14.5%). 


Same;  soil  humidity  at  Vi 
inch  (19.1%). 


2  glass  thermometers  at  Vi  and  4 
inches. 

2  glass  thermometers  at  '/>  and  4 
inches. 

2  glass  thermometers  at  Vi  and  4 
inches. 


Same;  soil  humidity  at  Vi 
inch  (16.4%). 


23.0 
North-East  side  of  intersec- 
tion of  S.R.  252  and  the  new 
by-pass  at  Martinsville. 


Kame  moraine:  sand  and 
gravel  in  road  cut;  dry  sur- 
face (1 .6%)  no  vegetation. 


30.0 
(Check  point:  24.2  mi.  at 
Martinsville  Courthouse) 
road  cut  (right  side). 


Borden  siltslone  road  cut; 
dry  unweathered  grey  sur- 
face. 


2  glass  thermometers  at  Vi  and  4 
inches. 

2  glass  thermometers  at  Vz  and  4 
inches. 


1  glass  thermometer  at  surface 
covered  with  small  rock 
fragments. 


same  road  cut. 


(same.) 


(same.) 


same  road  cut.  (left  side) 


Borden  siltslone  road  cut; 
dry  surface;  weathered  to 
brown  yellow  color. 


I  glass  thermometer  covered 
with  very  small  rock  fragments. 


30.6 
road  cut  (left  side). 


Borden  siltstone  road  cut; 
dry  surface;  weathered  to 
yellow  brown  color. 


1  glass  thermometer  covered 
with  very  small  rock  pieces. 


30.6 
same  road  cut 


(same.) 


(same. 


32.5 
right  hand  side  of  road. 


Borden  siltstone  outcrop; 
dry  surface,  slight  amount 
of  growing  weeds,  weath- 
ered to  yellow  buff  color. 


1  thermometer  in  shade  of  sta- 
tion wood  stake,  Vi"  above 
ground. 
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TABLE  15  (Continued) 


Tesl 

Route 

Site 

Mileage 

No. 

and  Location 

Description 
(April  18,  1967) 


Instrumentation 


34.2 
field  on  right  hand  side  of 
gravel  road  by  the  water 
tower. 

34.9 
left  hand  side  road  cut. 


35.9 
in  field  behind  LePaul  station, 
access  via  side  road. 


Residual  soil  over  limestone; 
thin  loess  mantle;  highly 
humid  soil  (20.8%  at  Y") 


Limestone  road  cut;  1  2  sq. 
ft.  bare  rock  surface, 
clean,  highly  stained  to  a 
grey  beige  color. 


2  glass  thermometers  at  'A  and  4 
inches. 


1  glass  thermometer  in  contact 
with  rock  surface. 


Residual  soil  over  limestone; 
thin  loess  mantle;  humid 
soil  at  >/£"  (20.0%)  very 
roughly  plowed;  minor 
amount  of  vegetation. 


2  glass  thermometers  at  Vi  and  4 
inches. 


16 

I  ' 
18 


same  field. 
same  field, 
same  field. 


same.  (26.0) 
same.  (26.0) 
same.  (24.8) 


same, 
same, 
same. 


36.2 
bare  soil  area  on  left  side  of 
road. 


Residual  red  clay  on  lime- 
stone; humid  (15.1%)  and 
of  a  deep  brown  red,  part- 
ly spotted  by  drier  small 
areas. 


2  glass  thermometers  at  Vi  and  4 
inches. 


20 

same  area. 

same.  (16.9) 

same. 

21 

same  area. 

same.  (21.3) 

same . 

1 1 

37.0 

Limestone  road  cut;  bare 

1  thermometer  in  contact 

with 

rock  cut  left  hand  side 

of 

limestone  surface;  clean  of 

rock  surface. 

road. 

vegetation ;  stained  to  yel- 
lowish white  color. 

23 

same. 

same. 

same. 

24 

37.0 

Residual  red  clay  on  Lime- 

2  glass  thermometers  at  V. 

and  4 

top  of  rock  cut  on  right  hand 
side  of  road. 


stone;  humid  soil  surface 
( 19.6%);  clear  of  vegetation; 
deep  brown  red  clay  with 
minor  dryer  areas  of  lighter 
tones. 


inches. 


25  39.3 

and  low  ground  on  right  hand 

26  side  of  road,  at  intersection. 


Flood  plain;  silty  soil; 
humid  (19.0  and  19.6%); 
free  of  vegetation;  high 
water  table. 


2  glass  thermometers  at  Y  and  4 
inches  for  each  site. 


3<A 


TABLE  15  (Continued) 


Test  Route 

Site  Mileage 

No.  and  Location 

27  45.1 

limestone  quarry  on  North 
side  of  Bloomington. 


Description 
(April  18,  1967) 


Instrumentation 


Limestone;  Hat  surface 
slightly  stained  to  a  grey 
white  tone;  pitted  surface; 
minor  amount  of  small 
rock  fragments  joints  and 
cracks  filled  with  grass. 


1  glass  thermometer  at  rock  sur- 
face, for  each  site. 


APPENDIX  3 
SUMMARY  OF  WEATHER  FOR  DATA  COLLECTION  DAYS 
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TABLE  16 

SUMMARY  OF  WEATHER  FOR  DATA  COLLECTION  DAYS 
ip  Chi      Precip.  Re'.  Hum.  (.%)         Wind Net  Sola 


20 

78 

2.1 

69 

1  1 

73 

23  (x) 

74 

24 

47 

25  (x) 

58 

26 

65 

27  (x) 

66 

28  (x) 

66 

29 

69 

30 

71 

Mi-x  Mm         (in)  Max  Min (a) (bj Dir. Rad. 

INDIANAPOLIS  WEIR  OQQK  MUNICIPAL  AIRPORT 

April  1967 

35  23  12.8  SW  550 

47  17  7.9  NW  698 

44  14  7.3  SE  636 

44  39  16.5  SW  522 

36  32  15.7  SW  413 
36  29  12.8  NW  648 
46  24  8.6  N  466 

32  12  5.6  NE  578 

33  1  I  6.0  SE  603 
36  16  6.0  NW  563 
27 [7 8J NW 674_ 

Mav  1 967 


57 

.55 

90 

50 

0 

77 

50 

0 

86 

47 

1 

75 

41) 

1 

60 

38 

0 

61 

40 

1 

76 

38 

0 

96 

43 

(1 

71 

46 

0 

74 

51 

0 

66 

1 

74 

4" 

0 

74 

28 

16 

7.6 

NW 

656 

■) 

83 

44 

0 

65 

22 

29 

6.6 

NE 

697 

3 

77 

55 

1 

78 

45 

24 

11.5 

W 

387 

4 

70 

42 

0 

93 

1--) 

29 

8.8 

w 

588 

5 

x)        59 

37 

0 

86 

26 

18 

9.6 

N 

695 

6 

63 

31 

0 

70 

30 

12 

6.2 

SI 

676 

7 

73 

43 

0 

56 

27 

23 

11.2 

SI 

603 

8 

75 

55 

.01 

78 

54 

19 

10.8 

SW 

425 

9 

70 

49 

.74 

93 

55 

34 

10  1 

SW 

429 

10 

58 

44 

.10 

89 

62 

7 

5.0 

NE 

259 

1  ! 

,,[! 

55 

1.14 

96 

84 

15 

8.2 

NE 

128 

12 

70 

55 

T 

93 

55 

7 

5.0 

SI. 

513 

13 

74 

50 

.03 

93 

50 

24 

8.8 

SE 

566 

1  4 

82 

62 

.02 

84 

58 

13 

9.2 

SW 

542 

15 

78 

64 

1.97 

90 

79 

18 

7.2 

E 

202 

16 

'7  1 

55 

.02 

84 

55 

23 

13.1 

SW 

509 

17 

56 

47 

.11 

86 

67 

12 

4.9 

W 

220 

1.8  ( 
(a) 

\)        67 
laslest  m 

40 
ile  in  MPH 

.15 

96 

43 

18 

4.6 

w 

626 

(b) 

average  in  MPH 

(x) 

dales  dI 

ield  data  ci. 

illection 

* 

in  bugle) 

s. 
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Date 


TABLE  16 

(Continued) 

Air  Temp.  (°F)     Precip.  Rel.  Hum.(%)         Wind Net  Solar 

Max  Min        (in)  Max  Mm (jij (bj Djl Rad.* 

INDIANAPOLIS  WEIR  COOK  MUNICIPAL  AIRPORT 

Mav  1967  (Continued) 

22  10.9 

17  7.3 

14  6.3 

10  4.3 

17  7.1 

13  8.1 

17 10.9 

August  1967 


19 

54 

43 

09 

86 

01 

20 

62 

43 

.09 

89 

62 

21 

68 

42 

0 

43 

3^ 

22 

66 

45 

.25 

89 

44 

23 

67 

54 

3.13 

47 

81 

24 

64 

s« 

.31 

93 

78 

25  (x) 

71 

56 

.28 

87 

68 

W 

288 

NW 

442 

NW 

728 

S 

456 

N 

156 

NE 

144 

N 

380 

4 

89 

70 

.01 

93 

68 

20 

4.0 

SW 

482 

10 

80 

61 

.84 

43 

69 

18 

6.6 

N 

343 

II 

76 

54 

0 

80 

48 

8 

5.3 

NE 

624 

12 

76 

54 

0 

78 

56 

10 

5.0 

SI. 

631 

13 

80 

67 

o 

87 

64 

7 

4.3 

SE 

370 

PURDUE  UNIVERSITY  AGRONOMY  FARM 


September  1968 


4 

85 

60 

0 

100 

45 

17 

6.0 

S 

55 

5 

71 

62 

.08 

100 

63 

14 

5.0 

NW 

166 

6 

75 

48 

0 

100 

66 

14 

5.0 

W 

332 

7 

75 

41 

0 

99 

45 

10 

4.0 

s 

279 

VITA 


307 


VITA 


Marc  G.  Tanguay  was  born  February  22,  193&1  in  Trois  Rivieres, 
Province  of  Quebec,  Canada.  He  attended  the  public  school  of  St.  Eustactu: 
and  completed  his  high  school  and  college  education  in  the  private  college 
"Seminaire  de  St.  Therese,"  where  he  obtained  a  B.A.  degree  in  1958. 

He  obtained  his  Bachelor  of  Geological  Engineering  degree  in  the 
spring  of  19^2,  from  Ecole  Polytechnique  of  Montreal,  the  engineering 
school  of  the  University  of  Montreal.  He  received  his  Master's  degree  in 
the'  fall  of  1963  from  the  same  engineering  school. 

In  the  summers  of  1959  to  1961,  he  worked  for  the  Quebec  Department 
of  Mines  as  junior  geologist  in  several  parts  of  the  province;  the 
Noianda  mining  district  and  also  south  of  James  Bay,  the  Lake  St.  John 
arc;a  and  the  Ungava  Nickel  Belt,  north  of  the  New  Quebec  Crater. 

During  the  school  years  of  I96I-62  and  1 962-63,  he  taught  elementary 
geology,  while  completing  the  requirements  for  his  bachelor  and  master's 
degrees.  In  the  summer  of  1962,  he  worked  for  five  months  in  a  columbium 
mine,  as  mine  geologist.  For  the  school  years  of  1963-64  and  I96U-65,  he 
was  instructor  at  Ecole  Polytechnique  and  taught  mineralogy  and  physical 
geology  to  engineering  students.  He  worked  during  the  summers  of  196^ 
and  1965  for  the  Quebec  Hydro  Power  Commission  on  dam  site  selection  on 
rivers  east  of  Seven  Islands,  Quebec,  and  on  problems  of  aggregate  pro- 
duction and  river  erosion.  In  the  fall  of  19^5 »  he  obtained  a  three- year 
leave  of  absence  from  Ecole  Polytechnique  to  attend  Purdue  University  and 


308 


complete  his  education  in  Engineering  Geology  and  fulfill  the  requirements 
for  a  Ph.D.  degree.  In  19^5,  he  received  a  fellowship  from  the  Canadian 
Good  Roads  Association  and  in  I966,  one  from  Franki  of  Canada  Ltd. 

Marc  G.  Tanguay  is  a  registered  engineer  in  the  Province  of  Quebec 
and  a  member  of  the  Canadian  Institute  of  Mining  and  Metallurgy,  the 
Mineralogical  Association  of  Canada,  the  Geological  Association  of  Canada. 
He  is  also  a  member  of  the  Geological  Society  of  America,  associate 
member  of  the  Association  of  Engineering  Geologists,  student  member  of 
the  American  Society  for  Testing  of  Materials,  the  Highway  Research 
Board,  the  American  Society  of  Photogrammetry  and  the  American  Institute 
of  Mining  Engineering. 

Marc  G.  Tanguay  is  a  citizen  of  Canada  and  has  been  a  resident  of 
the  United  States  of  America  for  three  and  a  half  years.  He  is  married 
and  the  father  of  two  children. 


